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FOREWORD 


The policy of publishing a separate volume of TRANSACTIONS for the 
Institute of Metals Division was inaugurated in 1927, and the nineteen 
technical papers in this thirteenth volume of the series are a valuable 
addition to the notable contributions to physical metallurgy which the 
members have made in previous years. 

Our annual lecture was given by Professor Daniel Hanson, of the 
University of Birmingham, England, on ‘‘The Creep of Metals,” and we 
are greatly indebted to him for his most interesting and instructive discus- 
sion of the problems connected with the correct evaluation of this par- 
ticular physical property, which is of such great importance in many of the 
modern uses of metals. Professor Hanson’s lecture is printed in 
this volume. 

The membership of the Division is increasing and the work done by 
_ Dr. K. R. Van Horn, Chairman of the Membership Committee, and the 
other members is greatly appreciated. 

Under the direction of Dr. D. K. Crampton, Chairman of the Papers 
and Programs Committee, and Dr. C. 8. Smith, Vice-chairman, that com- 
mittee has done work that deserves special commendation, not only in the 
selection of papers but in arranging programs, which are such an important 
part of the Division’s activity. 

As Chairman of the Division, I should like to express my deep apprecia- 
tion of the generous and wholehearted assistance that has been given by 
the Chairmen and members of the Division Committees and Officers of 
the Division, and express my sincere thanks for their splendid cooperation. 


Rosert H. Leacn, Chairman, 
Institute of Metals Division. 
Bripgeport, Conn. 
May 4, 1939. 
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ARTICLE I 


NAME AND OsBsEcT 


Src. 1. This Division shall be known as the Institute of Metals Division of the 
American Institute of Mining and Metallurgical Engineers. 

Src. 2. The object of the Division shall be to furnish a medium of cooperation 
between those interested in the metallurgy, fabrication and uses of the nonferrous 
metals and their alloys; to represent the A.I.M.E. in so far as nonferrous metallurgy 
is concerned, within the rights given in A.I.M.E. Bylaw XI., Sec. 1, and not incon- 
sistent with the Constitution and Bylaws of the A.I.M.E.; to hold meetings for social 
intercourse and the discussion of nonferrous metallurgy; to stimulate the writing, 
presentation and discussion of papers of high quality on nonferrous metallurgy; to 
reject or accept such papers for presentation before meetings of the Division. 


ARTICLE II 


MEMBERS 


Sec. 1. Any member of the A.I.M.E. of any class and in good standing may become 
a member of this Division upon registering in writing a desire to do so, but without 
additional dues. 

Src. 2. Any member not in good standing in the A.I.M.E. shall forfeit his priv- 
ileges in the Division. 


ARTICLE III 


Funps 


Src. 1. The expenditure of the funds received by the Division shall be authorized 
by the Executive Committee of the Division. 


ARTICLE IV 


MEETINGS 


Src. 1. The Division shall meet at the same time and place as the Annual Meeting 
of the A.I.M.E., and at such other times and places as may be determined by the 
Executive Committee subject to the approval of the Board of Directors of the A.I.M.E. 

Src. 2. The annual business meeting shall be held within a few days before or 
after the annual business meeting of the A.I.M.E. 

Sxc. 3. At any meeting of the Division for which notice has been sent to the mem- 
bers of the Division through the regular mail at least one month in advance, a business 
meeting may be convened by order of the Executive Committee, and any routine 
business transacted not inconsistent with these Bylaws or with the Constitution or 
Bylaws of the A.I.M.E. 

Suc. 4. For the transaction of business, the presence of a quorum of not less than 
25 members of the Division shall be necessary. 
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ARTICLE V 


OFFICERS AND GOVERNMENT 


Sec. 1. The officers of the Division shall consist of a Chairman, two Vice-chairmen, 
Secretary and Treasurer. The office of Secretary and Treasurer may be combined 
in one person, if desired by the Executive Committee. 

Sec. 2. The government of the affairs of the Division shall rest in an Executive 
Committee, in so far as is consistent with the Bylaws of the Division and the Con- 
stitution and Bylaws of the A.I.M.E. 

Src. 3. The Executive Committee shall consist of the Chairman, two Vice-chair- 
men, Past-chairman, Secretary, and nine members, all of whom shall be nominated 
and elected as provided hereafter in Article VII. 

Src. 4. The Chairman and Vice-chairmen shall serve for one year each, or until 
their successors are elected. Each member of the Executive Committee shall serve 
three years. The Chairman shall remain a voting member of the Executive Commit- 
tee for one year after his term as Chairman. 

Src. 5. The Treasurer of the Division shall be invited to meet with the Executive 
Committee, but without ex-officio right to vote. He shall be appointed annually 
by the Executive Committee, from the membership of the Executive Committee or 
otherwise. 

Src. 6. The annual term of office for officers of the Division shall start at the close 
of the Annual Meeting of the Institute and shall terminate at the close of the next 
Annual Meeting. 


ARTICLE VI 


COMMITTEES 


Sec. 1. There shall be six standing committees as follows: Papers and Programs 
Committee, Finance Committee, Data Sheet Committee, Membership Committee, 
Annual Lecture Committee and Annual Award Committee and such other Committees 
as the Executive Committee may authorize. 

Sec. 2. It shall be the duty of the Papers and Programs Committee to secure the 
presentation of papers of appropriate character at meetings of the Division and of 
the A.I.M.E. 

Sec. 3. It shall be the duty of the Finance Committee to inquire into and examine 
the financial condition of the Division and to consider proper means of increasing its 
revenue and limiting its expenses. The Finance Committee shall audit the accounts 
of the Division and report to the Executive Committee prior to the Annual Meeting 
of the Division. It shall render a budget to the Executive Committee estimating 
receipts and expenses for the ensuing year so that action can be taken on same at the 
first meeting following the Annual Meeting. 

Src. 4. It shall be the duty of the Membership Committee to encourage and solicit 
membership in the A.I.M.E. and in the Division in accordance with the Bylaws and 
Constitution of the A.I.M.E. 

Ssc. 5. It shall be the duty of the Annual Lecture Committee to arrange for the 
presentation at the time of the Annual Meeting of the A.I.M.E. of a lecture on a 
technical subject of particular interest to the Division and the A.I.M.E. as a whole. 
This lecture is to be known as the “Institute of Metals Lecture.” This Committee 
shall make all arrangements, financial and otherwise, and render a complete report 
on same to the Executive Committee. 

Src. 6. The Chairman of the Division shall, subject to approval of the Executive 


Committee, appoint the Chairman and new members as required of the Committees 
referred to in Sec. 1. 
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Sec. 7. Appointments on standing committees shall be for terms of three years 
each with approximately one-third of the committee membership being appointed 
each year. 


ARTICLE VII 
NOMINATIONS AND ELECTIONS OF OFFICERS AND COMMITTEES 


Sec. 1. Every year the Division shall elect a Chairman, two Vice-chairmen, a 
Secretary and three members of the Executive Committee. 

Sec. 2. A Nominating Committee of five members of the Division shall be 
appointed by the Chairman of the Division subject to the approval of the Execu- 
tive Committee. 

Sec. 3. This Committee shall make its report to the Executive Committee not 
later than June 1. 

Src. 4. Any ten members of the Division may submit nominations for one or more 
offices to the Executive Committee not later than August 15, and the persons so 
nominated shall be included in the official ballot. 

Src. 5. The voting shall be by letter ballot. 

Sec. 6. The ballots shall be counted by a committee of tellers appointed by the 
Executive Committee. 

Sec. 7. The Executive Committee shall fill vacancies in any offices of the Division 
occurring for any reason other than the expiration of term of election. 


ARTICLE VIII 


AMENDMENTS 


Sec. 1. Proposals to amend these Bylaws shall be made in writing to the Executive 
Committee and signed by at least ten members. They shall be considered by the 
Executive Committee and announced to the members through the columns of M1n1NG 
AND Merrauuurey, together with any comments or amendments made by the Execu- 
tive Committee thereon. They shall be voted upon at the annual meeting of 
the Division in February or by letter ballot, as may be directed by the Execu- 
tive Committee. 


ANNUAL AWARD CERTIFICATE OF THE INSTITUTE OF 
METALS DIVISION 


In 1933, the Institute of Metals Division of the American Institute 
of Mining and Metallurgical Engineers established its annual award of an 
engraved certificate to the author or authors of the paper that in the 
opinion of the award committee represents the most notable contribution 
to metallurgical science among the papers that have been accepted by 
the Division for presentation at one of its meetings and have been 
published by the Institute within the three years preceding the date of 
award. The award is made by the Division each February. 

There are no restrictions with respect to nationality, age or occupation 
of the author or authors. 

Awards have been made as follows: 


1934 Robert F. Mehl and Charles 8. Barrett: Studies upon the Widminstatten 
Structure, I—Introduction. The Aluminum-silver System and the Copper- 
silicon System. TRANSACTIONS (1931) 93, 78-110. 

1935 E. A. Anderson, M. L. Fuller, R. L. Wileox and J. L. Rodda: The High-zine 
Region of the Copper-zine Phase Equilibrium Diagram. TRANSACTIONS 
(1934) 111, 264-292. 

1936 Cyril S. Smith and W. Earl Lindlief: A Micrographic Study of the Decom- 
position of the Beta Phase in the Copper-aluminum System. TRANSACTIONS 
(1933) 104, 69-105. 

1937 Arthur Phillips and R. M. Brick: Effect of Quenching Strains on Lattice Param- 
eter and Hardness Values of High-purity Aluminum-copper Alloys. 
TRANSACTIONS (1934) 111, 94-112. 

1938 William L. Fink and Dana W. Smith: Age-hardening of Aluminum Alloys, 
I—Aluminum-copper Alloy. TRANSACTIONS (1936) 122, 284-293. 

1939 Frederick N. Rhines and Robert F. Mehl: Rates of Diffusion in the Alpha 
Solid Solutions of Copper. Transactions (1938) 128, 185-221. 
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THE INSTITUTE OF METALS LECTURE 


An annual lectureship was established in 1921 by the Institute 
of Metals Division, which has come to be one of the important functions 
of the Annual Meeting of the Institute. In 1934 the Division established 
the custom of presenting a certificate to each lecturer. 

_ A number of distinguished men from this country and abroad have 
served in this lectureship. The roll is quoted below: 


1922 
1923 
1924 
1925 


1926 
1927 
1928 
1929 


1930 
1931 
1932 
1933 
1934 
1935 
1936 
1937 
1938 


1939 


Colloid Chemistry and Metallurgy. By Wilder D. Bancroft. 

Solid Solution. By Walter Rosenhain. 

The Trend in the Science of Metals. By Zay Jeffries. 

Action of Hot Wall: a Factor of Fundamental Influence on the Rapid Corrosion 
of Water Tubes and Related to the Segregation in Hot Metals. By Carl 
Benedicks. 

The Relation between Metallurgy and Atomic Structure. By Paul D. Foote. 

Growth of Metallic Crystals. By Cecil H. Desch. 

Twinning in Metals. By C. H. Mathewson. 

The Passivity of Metals, and Its Relation to Problems of Corrosion. By 
Ulick R. Evans. 

Hard Metal Carbides and Cemented Tungsten Carbide. By 8S. L. Hoyt. 

X-ray Determination of Alloy Equilibrium Diagrams. By Arne Westgren. 

The Age-hardening of Metals. By Paul D. Merica. 

Present-day Problems in Theoretical Metallurgy. By Georg Masing. 

Ferromagnetism in Metallic Crystals. By L. W. McKeehan. 

Gases in Metals. By C. A. Edwards. 

Diffusion in Solid Metals. By Robert F. Mehl. 

Refractories. By R. 8. Hutton. 

The Nature of Metals as Shown by Their Properties under Pressure. By 
P. W. Bridgman. 

The Creep of Metals. By D. Hanson. 
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The Creep of Metals 


By Danie. Hanson* 
(Institute of Metals Division Lecturet) 


For most of their practical applications metals are required to with- 
stand stresses of appreciable magnitude: indeed, it is because they possess 
the quality of resisting stress without becoming permanently deformed 
that they find such extensive use in the service of man. Metals and 
alloys must, in service, usually behave as elastic substances—or nearly so. 
It is not difficult to satisfy this condition at ordinary temperatures. Iron 
and its alloys, especially the steels, are at normal temperatures excellent 
elastic bodies, capable of satisfying most of the mechanical requirements 
of the engineer: where electrical, chemical or other properties are impor- 
tant, which cannot be met by steels, it is usually possible to find a non- 
ferrous alloy such as nickel, copper or aluminum, which will prove 
satisfactory. When the metals or alloys are not inherently sufficiently 
elastic, cold-working or heat-treatment may develop elastic properties 
to a sufficient extent for practical needs. By means of relatively simple, 
rapid tests we can measure such properties as elastic modulus, limit of 
proportionality and proof stress, upon which design can be based 
with confidence. 

The case of the soft metals, such as lead and tin, is well known to be 
exceptional. They possess no definite limit of elasticity, and the value 
of proof stress or tensile strength depends to a great extent on the speed 
with which the test is carried out. Design here must be based on other 
considerations than a well-established theory of the proportionality of 
stress and strain. It is now generally recognized that steels and non- 
ferrous alloys possess at temperatures not greatly exceeding that of the 
atmosphere, characteristics quite different from those existing at ordinary 
temperatures, and that they assume qualities similar to those of the soft 
metals. Not only have they no limit of elasticity, but the proof stress 
and the ultimate stress depend on the time of application of the load. 
Flow under load may persist for long periods of time, possibly indefinitely, 
and the determination of a true maximum stress becomes a matter of 
ereat difficulty. 


* Professor of Metallurgy, University of Birmingham, England. 

} Presented at the New York Meeting, February 1939. Highteenth annual lecture. 
Manuscript received at the office of the Institute Feb. 9, 1939. Issued as T.P. 1071 
in Merats Tecuno.oey, June, 1939. 
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Although these facts had been known in a general way for many 
years, the full magnitude of the effects was certainly not realized until 
it was demonstrated quantitatively by the early work of Chevenard,’ 
Dickenson? and French.’ The work of Dickenson? in this respect was 
particularly valuable, for it was he who first carried out tests of long 
duration which demonstrated in a striking manner the serious weakness 
of even the strongest steels when held at high temperatures for prolonged 
periods. The publication of Dickenson’s work did much to focus atten- 
tion on this important subject: in particular, it showed the inadequacy of 
the short-time tensile test as a guide to high-temperature strength. 
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In Dickenson’s tests, the load was maintained at the constant value 
of 8.5 tons per sq. in. and the time to fracture under this load was meas- 
ured at various temperatures. His results were plotted in the form of 
temperature-duration diagrams, of which two examples are shown in 
Fig. 1. The form of these diagrams suggested that there might be a 
temperature below which the applied load of 8.5 tons per sq. in. would 
not cause fracture, even if applied indefinitely; Dickenson himself claimed 
that a linear law existed between the temperature and the logarithm of 
the time to fracture, thus implying that failure would take place at any 
temperature after a sufficient time, but this conclusion was, in fact, hardly 
justified, his tests being, as we know now, too crude to give more than a 
general indication of the behavior of the metals. 


1 References are at the end of the paper. 
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Many workers have plotted the applied load against the duration, 
temperature being held constant; similar curves were obtained, some 
examples being given in Fig. 2. These raised the question as to whether 
there exists at a high temperature a stress which is insufficient to break 
the material no matter how long it is applied. This conception of a 
“limiting creep stress,”’ under which the metal will never break, was very 
attractive to metallurgists and engineers because it appeared to offer 
the soundest possible basis for design at high temperatures. Much 
attention, therefore, has been devoted to a study of the exact shape of 
this stress-duration curve. The desirability of such study was quite 
clear, for there was ample practical experience of metals in service at 
elevated temperature to show that in many instances very useful service 
stresses could be sustained during a service life of many years without 
any sign of imminent failure. In view of this experience it was difficult 
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Fig. 2.—SrREss-DURATION CURVES (TAPSELL). 


to accept the conclusion that metals must ultimately break under any 
stress at high temperature, however small, when most of the evidence was 
based on tests of only a few weeks duration. 


STRESS-DURATION CURVE 


The form of the curves in Fig. 2, which are quite typical, show that the 
duration increases much more rapidly than the stress decreases. The 
curves suggest that the relationship might be expressed in a hyperbolic 
form, with asymptotes at positive values of stress; or in an exponential 
form indicating ultimate failure at all stresses but with very long duration 
when the stresses are low. A satisfactory examination of this question 
is rendered difficult by the fact that comparatively few tests have been 
carried out at a duration of more than a few months; a critical answer 
therefore is somewhat difficult to obtain. 

The validity of an exponential relationship can be checked by plotting 
the stress against the logarithm of the duration. Such curves become 
straight lines if the exponential law is true. Fig. 3 shows such a plotting 
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for a mild steel at 293° C. and 432° C. (French), a nickel-copper alloy at 
500° C. and 600° C. (N.P.L.) and two tin alloys at 20° C. (Hanson and 
Sandford). It is quite clear that in these instances the exponential 
relationship does not hold; sometimes tests of comparatively short dura- 
tion appear to conform to this relationship, as is indicated in some of the 
curves, but tests of long duration usually give curves that are far from 
straight lines. The existence of a definite limiting creep stress would be 
indicated if the curves became asymptotic to some positive value of 
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stress, but there is no indication of this, in these or any other reliable 
curves, and it is quite impossible to indicate from the shapes of the curves 
their probable form for very long durations; they are, on the contrary, 
quite consistent with the persistence of creep over very long periods 
of time. 

A hyperbolic relationship also appears to apply in some instances for 
low durations, but the curves so obtained appear to indicate a limiting 
stress for infinite duration greater than seems consistent with the results 
of other tests, such as those in which the stress for very long life is esti- 
mated from the rate of creep over a shorter period. A final decision on 
this point must await the carrying out of extremely lengthy tests under 
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rigid conditions of control; the number of such tests at present available 
is insufficient to allow any final conclusion to be reached. 

Another method of representing the results of stress-duration curves 
consists in plotting the logarithm of the stress against the logarithm of 
the duration, a method that is very useful when both the variables have 
values extending over a wide range. With such a plotting, a power 
relationship such as D* = 6S” gives a straight line. Fig. 4 shows the 
Same results as are given in Fig. 3, but with log-log plotting. All the 
curves are convex downwards, and it is impossible to predict their shapes 
for long durations. 


BS) 4.0 


[) 
on 


S 
on 


Log initial stress, tons per sq.in. 
Log initial stress, |b. per sq. in, 


0 2.8 


NI 
er. | 
ere 
: Jad, 
we 
W 
WG 
Oo 


3 
Log duration, days 
Fic. 4.—SrRESSs-DURATION CURVES, LOG-LOG PLOT. 


To prove the existence of a true limiting creep stress for infinite 
endurance is clearly a matter of difficulty by the methods I have out- 
lined. All variations in temperature, during one test or between different 
tests, of the order of 5° C. or less, introduce errors in duration sufficient 
to make reliable tests impossible, while temperature gradients along the 
specimens, or even small variations in properties of duplicate specimens 
cut from the same bar, introduce errors of appreciable magnitude from 
the present point of view. Only by the most carefully controlled 
tests of long duration can we hope to ‘determine the law connecting 


load and life. 


CREEP STRAIN 


We have so far considered the problem only in relation to stress, 
duration and temperature, without reference to the strain which may 
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take place during life. Design is, however, usually as much concerned 
with strain as with stress, for the amount of deformation that can be 
tolerated during the life of a metal at high temperatures is clearly limited, 
and the number of applications in which extensions of as much as 1 per 
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Fic. 5.—SHoRT AND LONG TIME TESTS FOR 0.24 PER CENT C sTEEL (FRENCH). 


cent during life are tolerable is very limited. Moreover, the permissible 
tolerances for different types of service vary very greatly, being very small 
in some instances, such as turbine cylinders and the like, but quite 
substantial in other applications. 
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Fig. 6.—SrREss TO PRODUCE 0.1 PER CENT DEFORMATION IN 1000 HOURS (FRENCH, 
Cross AND Prrerson). 


It is now quite well recognized that, even at stresses which can be 
withstood for long periods, perhaps indefinitely, creep of intolerable 
amounts may occur. Engineers are therefore faced with the alternatives, 
either that design stresses must be reduced to extremely small magnitude 
by the use of large sections, which are often inconvenient, or that small 
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amounts of creep must be accepted. French was probably the first to 
draw serious attention to this aspect of the question, and in Fig. 5 is 
reproduced a diagram which he published in 1926 showing the results of 
long-time tests on a 0.24 per cent carbon steel. For temperatures below 
about 460° C. he clearly distinguishes between maximum stress for long 
life with deformation and maximum stress for long life without defor- 
mation. Although these results refer to tests in which the times to cause 
fracture did not in any case exceed 24 days, and the actual values given 
would probably now be regarded as quite unacceptable, his work drew 
attention to a very important consideration in creep testing. A year 
later, French, Cross and Peterson® expressed the opinion that creep-test 
results could be better represented by a series of curves setting out the 
stress-temperature relationship for each material based on a definite 
amount of creep during a predetermined time. Fig. 6 shows the variation 
with temperature in the stress required to produce 0.1 per cent deforma- 
tion in 1000 hr. While the methods used by these investigators lack 
the refinement customary in creep testing today, their work was funda- 
mentally important in that it drew attention to the importance of elonga- 
tion, and indicated the lines on which it could best be dealt with in creep 
testing. Now that the view is generally accepted among engineers that 
at elevated temperatures flow occurs to some degree at any practical 
stress, the accurate measurement of strain has become all important. 


STRAIN-TIME CURVE AT CONSTANT LOAD 


The phenomena associated with flow are best represented by strain- 
time curves at constant load. Such curves are not only practically 
important as giving the basis from which working stresses may be esti- 
mated, but they also deserve attention as having a bearing on the theory 
of creep. In general, the curve representing the behavior with time of a 
specimen to which a constant load is applied may be divided into four 
parts, which are represented in Fig. 7. Since nearly all creep testing is 
carried out in tension we will consider the effect of a tensile load. The 
first application of the load produces an immediate elastic extension, 
which may be accompanied by a certain amount of plastic flow; during 
the second stage the extension continues, but at a decreasing rate, until 
a minimum rate of creep is obtained at which the third stage may be 
said to begin; during the third stage the creep rate remains constant, and 
this is succeeded by the fourth stage, during which the rate of creep 
accelerates until fracture occurs. This form of curve is best developed 
in tests carried to the point of fracture at moderate temperatures; under 
other conditions one or more of the stages may be absent or undetectable. 
For example, tests carried out at comparatively high temperatures may 
exhibit an accelerating rate throughout, while tests at comparatively low 
temperatures under low stresses may produce curves in which the creep 
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rate declines continuously during the period of the test and indeed may 
become immeasurably small. Curves of these types are shown in Fig. 8. 
In most instances, the total extension at the point at which the final stage 
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Fic. 7.—GENERAL FORM OF STRAIN-TIME CURVE. 


begins is excessive for all practical purposes, and usually the conditions of 

stress and temperature are so selected that this stage is not entered. 
There has been much speculation in metallurgical literature as to the 

cause or causes of the form of this creep curve. The simplest and most 
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obvious explanation is to regard the whole curve as a running balance 
between the effect of work-hardening on the one hand and recrystalliza- 
tion or annealing on the other. According to this explanation the period 
of declining creep rate is characterized by the predominance of the cold- 
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working effect over the recrystallization effect, but to a declining extent 
as the total strain increases; the period of constant minimum creep rate 
is held to be due to an exact balance between the cold-working and anneal- 
ing effect; while the third stage is initiated by stress intensification due to 
the diminishing cross section and necking of the specimen. There is, 
of course, plenty of evidence that these factors play an important part 
in determining the behavior of metal under stress at high temperatures, 
but there are features of creep, revealed both by metallographic and by 
mechanical methods of investigation, which reveal a more complex 
mechanism of flow. 

From the practical point of view, the exact shape of the strain-time 
curve is very important. In most forms of creep testing now in use the 
permissible stress has to be estimated from strain-time curves with 
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reference to the maximum permissible deformation in service. If tests 
of short duration are to be possible, it is clearly necessary to know exactly 
the form of the strain-time curve in order to make reliable extrapolation. 
The most important part of this curve from this point of view is that 
representing the declining creep rate, for this is the region within which 
designers naturally prefer to work if possible. The constant rate of creep, 
which is also the minimum rate for the particular stress and temperature 
involved, is also important, for it represents a definite characteristic of 
the material under the conditions pertaining to the test. For a given 
temperature it is a factor only of the stress and for a given stress a factor 
only of the temperature, and it is therefore an important factor in deter- 
mining the creep characteristics of a material. In Fig. 9 is shown a 
series of creep curves of tin at various stresses. Each curve exhibits a 
period of decreasing creep rate, and the following additional points may 


be noted: 
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1. The minimum rate of creep occurs after a longer and longer period 
as the stress is decreased. 

2. The minimum rate is maintained for a longer period of time the 
lower the stress. 

With lower stresses or temperatures, the minimum rate of creep may 
never be attained, and with higher stresses or temperatures, the minimum 
rate may always be exceeded. 

Various attempts have been made to evaluate the declining creep 
rate mathematically. McVetty® has attempted a solution on the basis 
that the constant creep rate is approached asymptotically, and he shows 
that an exponential function with appropriate constant represents actual 
creep curves closely. Kanter,’ dealing with the creep of steel at 400° to 
540° C. found continuously decreasing creep extending over a period of 
a year or longer, suggesting complete cessation of creep eventually. 
Some of these data gave linear curves when plotted with strain and time 
ordinates both logarithmic and may be represented by an equation in 
which creep strain is a power function of time. Tapsall and Prosser® 
plotted the results of lengthy creep tests using a linear strain ordinate 
and a logarithmic time ordinate. Their results fitted closely onto straight 
lines, indicating that the rate of creep in their experiments was inversely 
proportional to the time of constant stress application. Further elucida- 
tion of these relationships is required, because creep tests as now carried 
out commonly involve declining rates of strain. The estimation of 
working stresses involves the prediction of behavior for times very greatly 
exceeding those of the creep tests themselves, and the establishment of 
a reasonable strain-time relationship would remove some serious diffi- 
culties at present associated with creep testing. 


CoNSTANT CREEP RATE 


The minimum rate of creep sometimes occurs only at a point of 
inflection, and this is especially true in creep at high temperatures or 
under high stresses. Some such curves are shown in Fig. 9, those cor- 
responding to the higher stresses having only a point of inflection. In 
such instances, the form of the curve in the region of the point of inflec- 
tion is clearly determined by the balance between the factors making 
for a declining rate and those favoring an increasing rate of strain. Such 
instances are not, however, practically important; usually the engineer is 
more interested in conditions that favor creep at constant or nearly 
constant rates for long periods. 

The fact that in some instances the minimum creep rate appears to 
be maintained for substantial times suggests that the flow during this 
period may be in the nature of viscous flow. This implies that the 
metal should behave homogeneously and that the density and other 
characteristics should be unaffected by the strain. There is nothing 
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fundamentally impossible about. this conception, though its experi- 
mental establishment might be a matter of difficulty with slow rates and 
low total amounts of creep owing to the smallness of the internal changes. 
Bailey® has put forward the view that continuous creep is possible because 
the strain-hardening produced by flow is automatically compensated 
by softening at the temperature of the test. Clark and White! and 
Jenkins” refer to the period of minimum creep rate as being characterized 
by continuous recrystallization of the strained material. The latter 
theory certainly appears to indicate the possibility of something very 
like true viscous flow, but there are difficulties in this explanation with 


which I propose to deal later. 
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True viscous flow is expressed by the equation 
V=ksS 


where V is the velocity of flow and Sis the strain. The form of the curve 
connecting creep rate with tensile load, for very small stresses, is given 
in Fig. 10 (Kanter’). This indicates a very rapid increase in the creep 
rate as the stress increases, and it is clear that truly viscous extension 
does not occur over any wide range of stress. The curve does, however, 
indicate the possibility that at very low rates of strain truly viscous 
phenomena may be involved, and definite evidence that this is sometimes 
true is now forthcoming in a number of directions; Chalmers!* has shown 
that at low rates of elongation the flow of single crystals of tin is viscous, 
but that above a certain rate it becomes plastic. His results are shown 


in Fig. 11. 
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Similar results have been obtained by Hanffstengel and Hanemann"™ 
and by Moore and Beckie! for the flow of lead under low stresses. Both 
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Fic. 11.—CREEP RATE-STRESS CURVE FOR SINGLE CRYSTALS OF TIN (CHALMERS). 


Chalmers, for tin, and Hanffstengel and Hanemann, whose results are 
shown in Fig. 12, for lead, found that the transition from viscous flow 
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Fig, 12.—CREEP RATE-STRESS CURVES FOR LEAD (HANFFSTENGEL AND HANEMANN). 


to plastic flow as the stress is increased occurs rather abruptly, while the 
latter workers have noted a similar abrupt change in the form of the 
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creep rate-temperature curve under constant stress as the temperature 
is increased. 

For higher stresses the plastic flow is better expressed by a power 
function of the form 


V = kS* 


In this equation the power exponent varies over a moderate range with 
temperature and stress, so that the law of plastic flow is only approximate. 
An exact mathematical analysis of the shape of the stress-rate and 
elongation-time curve is probably impossible at the present time, owing 
to difficulties in testing and variation in materials. Nevertheless, there 
is strong evidence indicating the probability that at very low stresses the 
mechanism of deformation and the mathematical expression of the flow 
relation differs materially from those existing under higher stresses. 
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Fic. 13.—ComPaRISON OF ACTUAL ACCELERATION OF CREEP RATES WITH ACCELERATION 
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ACCELERATING CREEP RATE 


In the history of any specimen stretching under a constant load, the 
final stages must consist of an accelerating strain produced by the decreas- 
ing cross-sectional area of the specimen. It is a simple matter to calcu- 
late the average stress intensity during creep as the metal extends; the 
rate of extension at any moment due to stress intensity can be calculated 
from the law of plastic flow, using appropriate values for the power 
exponent of stress. Such calculations, due to Kanter,” are shown in 
Fig. 13, using values characteristic of the range observed for steel, 
together with the results of tests carried out by White, Clark and Wilson.'* 
The creep rate is seen to progress at a much higher rate than can be 
accounted for by reduction of area. Two things are clear from this 
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diagram; namely, that the time during which the minimum creep rate 
is maintained is much less than can be accounted for by the change in 
dimensions of the material, and that a factor must be introduced repre- 
senting a change with time in the quality of the material, a change that is 
very substantial when measured in terms of creep rate. 

This quality factor is commonly assumed to be the more rapid onset 
of recrystallization as extension proceeds, and this is without doubt true 
in certain instances. There are many cases in which this explanation is 
unsatisfactory, as I hope to show, and other reasons must be sought. 
Tapsell!? has expressed the opinion that creep accelerates at the moment 
cracking begins; Wheeler and I'* have produced evidence to show that 
in single crystals of aluminum the onset of acceleration is accompanied 
by a change in the mechanism of flow and probably by the beginning 
of fracture; Kanter’ has referred to the possibility of grain rotation giving 
rise to preferred orientation. The investigation of this stage of creep 
may be considered unimportant from the practical point of view, since 
stresses coming within its range are undesirable in practice. I believe 
this view to be ill-founded, partly because within this range is the explana- 
tion of creep fracture to be found, and partly because behavior within 
this range, being caused, as we have seen, by a change in quality during 
the preceding stage, is related to the earlier history of the material. 
A study of deformation within this range, which is comparatively easy 
owing to the magnitude of the changes involved, may well afford a clue 
to the nature of the movements taking place at an earlier stage in 
which the smallness of the dimensional changes makes investigation 
rather difficult. 


RELATION BETWEEN STRESS AND Minimum RATE OF CREEP 


The correlation of creep results is a matter of some difficulty; 
tests are commonly carried out by subjecting a metal to constant 
loads of different amounts at the same temperature, the rate of strain 
being measured from time to time during the test. The creep rate- 
time curves are under these circumstances only qualitatively similar, 
and no simple method of expression is known which will take account of 
all the variations in behavior under load. Some method of correlation 
or analysis is however essential in applying the results of creep tests, if 
only for the reason that the time taken to carry out creep tests usually 
limits the number that can be made for any particular purpose. Inter- 
polation is commonly needed to arrive at comparative figures for different 
materials, or for the same material at different temperatures, while, 
for the purposes of design, extrapolation is often necessary to periods far 
exceeding that of any reasonable tests. For both these purposes, but 
particularly for extrapolation, it is desirable to use some quality of the 
material that can be expressed as a definite function of load and time. 


D. HANSON 29 


For this purpose the minimum creep rate or the rate of uniform flow is 
clearly the most convenient property. This method of analysis suffers 
from two rather serious drawbacks, although it has the advantage of 
being represented by a fairly well-defined law over wide ranges of stress. 
The creep rate-stress curve does not give a measure of the total amount 
of creep within a specified time because it fails to take account of the 
increased rate during the early period of the tests, where this exists. 
Where total elongation is important, as it is in many instances, that 
occurring during the primary stages must be estimated and allowed 
for. A second difficulty arises from the fact that, particularly with 
small rates of strain, the time taken to attain the minimum rate 
may be very long, and even exceed the time commonly allotted to 
lengthy tests. Instances have been recorded in which true minimum 
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Fic. 14.—VARIATIONS OF CREEP RATE WITH STRESS IN A CARBON STEEL (T'APSELL). 


rates were not developed even in tests of 40 to 100 days duration. The 
difficulty here is perhaps not so great in practice, if due care is taken, 
for it may reasonably be assumed that the rate measured at the end of 
the test will not be exceeded for a very long period, if at all. There is, 
however, a danger in the use of points obtained in this manner for the 
determination of the shape of curves which have to be extrapolated to 
endurances greatly exceeding the period of the test. There is in addi- 
tion the possibility which I have indicated that at low stresses the law 
of plastic flow may no longer hold. 

Fig. 14 shows the form of the curve connecting stress and minimum 
rate of creep when the two are plotted directly. They indicate the rapid 
decrease in the creep rate as the stress decreases. Such curves are clearly 
not suitable for extrapolation in the absence of any clearly defined rela- 
tions and even interpolation is not safe unless the curve is determined 
by an adequate number of experimental points. The obvious advantage 
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of a well-established natural law which would enable the form of these 
curves to be determined by two or three experimental points does not 
need emphasizing in connection with such a time-consuming operation 
as creep testing. The method of double logarithmic plotting is perhaps 
the most commonly used for the presentation of creep-rate data, and 
results so plotted frequently appear to lie well on straight lines, especially 
when the range of creep rates is not very great. On the other hand, 
equally satisfactory results appear to be given in other instances by 
plotting the stress against the logarithm of the rate of creep; both of 
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these methods appear to fail at low and high rates of strain (Tapsall,"” 
Nadai'’). Kanter’ represents the change in the minimum rate of creep 
with stress by introducing the idea of a changing viscosity. In the initial 
stage flow is considered to be purely viscous and is determined by the 
primitive coefficient of viscosity of the original material: during the 
period of decreasing rate under constant stress the effect is equivalent to a 
rise in the coefficient of viscosity. The actual rate at any moment then 
depends not only on the stress but on the instantaneous value of the 
coefficient of viscosity. The factors governing this instantaneous value 
are doubtless complex, and are probably determined largely by the 
balance between strain-hardening, recovery and annealing. Continuous 
flow at the minimum rate at constant stress implies a constant value for 
this coefficient. Kanter has plotted the load against the logarithm of the 
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flowability at the minimum creep rate, as shown in Fig. 15. The flow- 
ability, which is the reciprocal of the viscosity, is a function of stress and 
creep rate ee of a 
stress 

in viscosity, may prove to give a more satisfactory correlation of creep 
rates, and to take account of the flow at low creep rates. It repre- 
sents a behavior in which the viscosity decreases in geometrical proportion 
to the stress. Kanter describes this as ‘‘quasi-viscous flow”’ and suggests 
that a relationship of this kind represents creep under all stresses and in 
particular gives a rational interpretation of creep at very small stresses. 


i This curve, which takes account of the change 


DETERMINATION OF HIGH-TEMPERATURE STRENGTH 


It is clear that the determination of useful strength at elevated tem- 
peratures is a matter of considerable difficulty, as any possible figure for 
strength only has significance when associated with deformation and 
time. A complete picture of the behavior of a material requires for 
each temperature a three-dimensional chart expressing the effect of these 
variables. One of the principal difficulties in applying results of creep 
tests is the need for extrapolation far beyond the time occupied in testing. 
This commonly involves assumptions as to the future course of the creep- 
time curve which it is not always possible to justify. Estimates of future 
behavior usually assume that some specified rate of creep, generally the 
minimum measured in the tests, will continue indefinitely. The develop- 
ment of a steady rate of flow during the test implies that at some future 
time this rate will accelerate; it is not possible to say exactly when that 
moment will occur, although experience is gradually building up a back- 
ground of knowledge upon which reasonably safe estimates may be based. 
French,* working on a 0.24 per cent carbon steel, found that the product 
of the duration and some power of the minimum rate was a constant. 
His duration did not exceed 20 days. ‘Tapsell!’ confirmed that this 
relation was approximately true for Armco iron and a number of steels 
for durations up to 100 days. Some of these results are plotted in Fig. 16. 

Without attaching too much importance to the linearity of this rela- 
tion, the curves do appear to offer some justification for the assumption 
that minimum creep rate of 10~* inch per inch per day or less will be 
associated with a long life of many years. There should, however, be 
evidence that the material will not develop brittleness to such an extent 
that it is unable to sustain this prolonged rate of creep. 

In practice, measurement of creep at the minimum rate is not always 
simple. In the higher ranges of temperature minimum rates may be 
comparatively easy to determine, for they usually occur at a com- 
paratively early stage in life, even under comparatively low loads in the 
neighborhood of the limit of proportionality as determined by the normal 
rapid test. In such an instance the rate of creep will inevitably increase 
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and lead to ultimate failure; the estimation of a probable life is therefore 
difficult. At the other end of the temperature scale, the minimum creep 
rate is developed but slowly, and may not even have been attained at 
the end of tests lasting 50 days or more. The minimum rate measured 
during the tests will thus be greater, possibly much greater, than the true 
value. Estimates of life based on such tests are conservative and safe, 
but the method is not, of course, ideal for the estimation of stresses for 
design purposes. 

Numerous attempts2”?! have been made to obtain creep data for 
design purposes by means of tests occupying a few days, or even hours. 
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These methods usually require that a certain minimum rate of strain 
must not be exceeded during a specified period in the early life of the 
specimen, and sometimes, as in Hatfield’s** time-yield test, a maximum 
permissible total primary extension is defined. Such methods are worthy 
of much further study, as any reliable test of this kind would have the 
greatest practical usefulness on account of the saving in time which 
would result. It is, however, not likely that any great success will be 
achieved in this direction until much more is known of the form of the 
various curves representing long-time tests, and much more must be 
done in the careful study of creep by reliable tests of long duration, 
extending to several thousand hours. For the present the most useful 
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tests are those of long duration, which will enable reliable diagrams to be 
prepared giving the estimated amounts of strain associated with varia- 
tions in time, temperature and stress. Such a diagram is shown in 
Fig. 17, incorporating results by Kanter and Spring.?2-23 


400 450 500 550 600 <—. 
20 
60 
a) Y | Biss 
g Short Time 
ee Tensile Strength 
S re 
2 ' 
S30 Short lime Pro- 
@ portional Limit 
c 
G 20 
10 


a) ) 5 
700 800 900 1000 1100 1200 
Temperature, F. 


Fig. 17.—REsuuts BY KANTER AND SPRING. 22:23 


METALLOGRAPHIC STuDY OF CREEP 


Although there is now a very considerable literature dealing with the 
creep of metals, most of the investigations so far undertaken have dealt 
with the determination of stress-strain-time relations and their utilization 
in industry. This is only to be expected in view of the great industrial 
importance of this question. The mechanism of flow and fracture has 
been little studied, and there are therefore many features of the behavior 
of metals under prolonged loads which are as yet improperly understood. 
It is, of course, well known that in general when metals are strained they 
become harder and stronger, and that this increase in hardness or strength 
can be wholly or partially removed by heating them to elevated tem- 
peratures. The main features of strain-hardening and annealing are 
familiar to all engineers and metallurgists, and it is natural that attempts 
should have been made to explain creep on the basis of a balance between 
these two opposing effects. 

It is now well known that the distortion of metallic crystals takes 
place by shear in certain crystallographic directions. Slip is controlled 
by the resolved shear stresses in these directions and usually involves 
movement of one crystallographic plane over another. The movements 
do not consist of a uniform shear of the crystal, but are confined to rela- 
tively few planes in any one crystallographic direction, thus giving rise 
to distortion by the movement of blocks of metal over one another. The 
number of such planes taking part in the distortion is usually small com- 
pared with the number of similarly orientated planes in the crystal, and 
is approximately proportional to the stress producing the distortion. 
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One of the most interesting methods of studying the distortion pro- 
duced in metals when they are deformed is that devised by Rosenhain, 


Fig. 18.—S.ip-BANDs IN ALUMINUM, PRODUCED AT ORDINARY TEMPERATURE x 150 
F ia. 19.—S.LIp-BANDS IN ALUMINUM, PRODUCED AT 250° C. x 150. 
Fig. 20.—ALUMINUM EXTENDED 4 PER CENT IN 20 MINUTES AT 250°C. &X 150 

Fig. 21.—Same As Fig, 20, FURTHER EXTENDED 10 21 PER CENT IN210 HOURS.  X 150. 


who prepared the surface of his specimens with a metallographic polish. 
It was by means of this technique that he discovered the slip-bands and 
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demonstrated the deformation of metals by block movement. Other 
changes in the metal are also capable of producing surface effects, and 
the method has obvious limitations, but it appeared to me to be worth 
while to apply it to the study of the phenomena of creep. One of the 
most serious difficulties in this connection is the deterioration of the 
polished surface at the working temperature, and the protection of 
specimens by using them in a vacuum or special atmosphere is not easy. 
Aluminum is one of the few metals on which the metallographic polish 
can be preserved free from substantial oxidation over the range of tem- 
perature in which creep phenomena are well marked. It can also readily 
be obtained in the form of single crystals. For these reasons it lends 
itself very well to metallographic studies at elevated temperatures. 

Wheeler and I'* strained polished specimens of pure aluminum at 
various rates at ordinary and elevated temperatures, and studied the 
nature of the deformation by means of changes in the microstructure. 
We were able to distinguish methods of flow and fracture which varied, 
widely in their characteristics according to the conditions of the test: 

When aluminum is strained at ordinary temperatures at the rate 
commonly used in mechanical testing the slip-bands have the appearance 
shown in Fig. 18. In annealed metal they appear at low stresses when 
the elongation is less than 1 per cent, and the number increases approxi- 
mately in proportion to the stress. They are normally very distinct and 
well marked, and the apparently undistorted blocks into which they divide 
the crystal are very wide compared with the thickness of the slip bands 
themselves even when the total distortion is substantial. The mechanism 
of distortion appears to be substantially the same when the test is carried 
out at elevated temperatures, certainly up to 400° C. Fig. 19 shows slip 
bands in pure aluminum strained at the same rate by 21 per cent at 250° C. 
In both cases the crystals extend progressively as the test is continued 
and a normal transcrystalline fracture eventually occurs. 

When the metal is extended more slowly at elevated temperatures the 
behavior is quite different; Figs. 20 and 21 show stages in the stretching 
of a similar sample under an initial load of 1.4 tons per sq. in. at 250° C. 
Fracture in this case ultimately occurred after 220 hr., the final elongation 
being 23 per cent. Fig. 20 shows the appearance after 20 min. under 
load, the elongation being 4 per cent. The crystal boundaries are well 
developed, but no slip-bands can be seen on the surface of any crystal. 
After 210 hr., the elongation then being 21 per cent, the appearance is as 
shown in Fig. 21. This elongation is identical with that of Fig. 19, 
representing a specimen strained rapidly at the same temperature, and 
the difference is remarkable. In the one structure slip-bands are the 
prominent feature, the boundaries being but moderately well defined, 
whereas in the other the crystal boundaries are very prominent and slip- 
bands almost or entirely absent. The specimen shown in Figs. 20 and 21 
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ultimately failed by intercrystalline cracking after 220 hr. under load. 
The appearance of this specimen suggests that intercrystalline cracking 
begins at an early stage in the history of the specimen, and indeed several 
workers have suggested that intercrystalline failure under creep may be 
the result of flow in the boundary material alone. This is certainly not 
true in the early stages of the deformation in spite of the absence of slip- 
band markings; we have frequently observed extensions of 4 per cent 
or more in the primary period of flow in which the deformation of the 
individual crystals are the same as that of the specimen as a whole; 
that is, they were elongated in the one direction and contracted in the 
other to the same degree as the test piece itself. Moreover, metallo- 
graphic examination at this stage fails to reveal any signs of cracking, 
and if the surface of the test piece be repolished and re-etched a smooth 
surface free from fissures is obtained. The idea of distortion by move- 
ment of the crystals over one another without plastic flow in the crystals 
themselves cannot be accepted; the slightest movement of this kind at 
the boundaries would result in the complete disintegration of the whole 
material. Although the exact measurement of the distortion of each 
individual crystal becomes a matter of greater difficulty when the 
elongation is 10 per cent or more, owing to disturbances of the structure 
in the neighborhood of the boundaries, there is little doubt that each 
crystal distorts approximately as much as the specimen itself. The 
conclusion must therefore be accepted that substantial distortion of 
the crystalline matter can take place without the production of nor- 
mal slip-bands. 

An examination of the material in the immediate neighborhood of 
the boundaries reveals further differences between this type of distortion 
and that occurring by normal slip. Normally the slip-bands extend 
right up to, or at any rate very close to, the crystal boundary, and bound- 
ary effects do not usually extend very far. When aluminum is slowly 
strained at 250° C. the movements that reveal the positions of the 
boundaries are shown by high-power examination to be more complex 
in character. Fig. 22 shows a photograph at 600 diameters of a specimen 
which has been extended 8 per cent in 136 hr., repolished to give a smooth 
surface, and extended a further 1.2 per cent in 96 hr. The markings 
reveal movements due to this latter slow extension. The crystal bound- 
aries themselves are smooth and clean-cut, when revealed by etching, 
and the surface markings in their neighborhood produced by slow flow 
are therefore considered to indicate complex distortions in the neighbor- 
hood of the boundaries rather than the position of the actual boundaries 
themselves. The appearance suggests a uniform distortion within the 
crystal grain and a more complex distortion for some distance in the 
neighborhood of the boundary. 
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Fig. 22.—ALUMINUM EXTENDED 8 PER CENT IN 136 HOURS; REPOLISHED AND 


x 600. 


Fic. 23. -ALUMINUM SINGLE CRYSTAL EXTENDED 8 PER CENT IN 41 HOURS AT 250° C. 


FURTHER EXTENDED 1.2 PER CENT IN 96 HOURS. 


Fic. 24.—Samp as Fic. 23, FURTHER EXTENDED TO 10 PER CENT EXTENSION IN 


252 Hours AT 250°C. X 150. 


REPOLISHED AND EXTENDED ANOTHER 0.6 PER CENT 
>< 150: 


? 


Fig. 25.—Same as Fie.) 24; 
IN A FURTHER 400 HOURS AT 250° C, 
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In order to exclude the effects of boundaries, specimens of the same 
metal were tested in the form of single crystals prepared by the method 
of straining and annealing. When these single-crystal specimens were 
tested at 250° C. normal slip-bands were produced in profusion at rates 
of flow that produced no sign of slip in the crystal aggregates. Figs. 23 
and 24 show stages in the extension of a single-crystal specimen at 250° C., 
Fig. 23 representing an elongation of 8 per cent produced in 41 hr. and 
Fig. 24 one of 10 per cent produced in 252 hr. The features are those 
produced in the normal rapid extension of single crystals at ordinary 
temperatures. In order to study the later stages of distortion and frac- 
ture this specimen was repolished at intervals to remove the surface 
defects due to previous extension, in order that those effects due to the 
later stages could be disclosed. Fig. 25 shows the same specimen as that 
illustrated in Fig. 24 repolished and loaded for another 400 hr., during 
which an elongation of only 0.6 per cent occurred. This is clearly the 
interval of the minimum creep rate. Fig. 26 shows the same spot after 
the specimen has been repolished and loaded for a further 48 hr., during 
which the specimen elongated 1.5 per cent. The accelerating flow had 
clearly begun before the end of the 400-hr. period by shear on a compar- 
atively small number of surfaces; Fig. 26 shows that it continues mainly 
on these surfaces. Fig. 27 shows the same specimen repolished and 
reloaded for another 19 hr., after which fracture occurred with a total 
elongation of 37 per cent. The large distortion during the final stage of 
the experiment, amounting to more than two-thirds of the primary dis- 
tortion, has been confined to comparatively few slipping surfaces. These 
heavy shear bands are not characteristic slip-bands; not only are they 
much more intense, but they do not exhibit the regularity of slip-bands, » 
while they are also much more curved and are frequently forked. The 
two kinds of shear bands, the light slip-bands produced during the early 
stages and the heavy bands produced during the later stages of extension 
are shown together in Fig. 28, which represents a crystal slowly extended 
at 300° C. without repolishing until necking began. This photograph 
shows the relation between the two sets of bands rather clearly; the 
heavy bands appear to have originated in the light bands, for their direc- 
tions coincide over considerable portions of their length. The heavy 
bands, however, pass from slip-band to slip-band, and their general 
direction differs markedly from that of the nearest system of slip-bands. 
The appearance suggests that, whereas the light bands are determined as 
to position by the crystallographic direction of the metal lattice, the 
general direction of the heavy bands is determined by other considera- 
tions, probably by the maximum shear stress. 

In a further experiment a specimen composed of two crystals with 
a transverse boundary was broken at 250° C. in 658 hr. During the 
primary stage each crystal developed normal slip-bands of the straight 
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type characteristic of shear on octahedral plane. In places along the 
boundary, however, distortion markings of a more irregular type were 
detected, as shown in Fig. 29, which represents the structure at the end 


Fic. 29.—ALUMINUM TWO-CRYSTAL SPECIMEN. APPEARANCE AT TRANSVERSE BOUN- 
DARY AFTER EXTENDING 20 PER CENT IN 252 HOURS AT 250°C. & 150. 


Fie, 30.—INTERCRYSTALLINE FRACTURE AT SPOT SHOWN IN Fia. 29. Susi). 


of the period of declining creep (252 hr.). The extension at this stage 
was 20 per cent. This specimen remained substantially unaltered in 
appearance for a further 300 hr., after which a crack began to develop 
at the boundary. This crack spread about halfway across the section, 
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along the boundary, and rupture finally occurred rapidly by a tearing 
fracture through one of the crystals. The nature of the fracture is 
clearly shown in Fig. 30, which shows the two halves of the specimen 
placed side by side after failure had occurred. 

In another instance a specimen consisting of a single crystal contain- 
ing a small included crystal in the center of one face was also tested at 
250° C. In the early stages typical straight slip-bands appeared in 
both crystals, and this was followed by a period of some 400 hr. at the 


Fic. 31.—INTERCRYSTALLINE CRACK AT JUNCTION OF MAIN AND SMALL INCLUDED 

CRYSTAL OF ALUMINUM AT 250°C. xX 150. 
minimum creep rate, during which no observable changes in its micro- 
structure took place. After a total life of 480 hr. indications of failure 
were observed and the test was stopped. The acceleration of flow was 
found to be caused by the development of a crack starting from the 
boundaries between the small and the main crystal. This occurred at 
this point in spite of the fact that the cross section was here greatest, 
owing to the interference of the boundary. The crack between the 
crystals is shown in Fig. 31. 

In view of the failure to demonstrate appreciable flow in single crystals 
without normal slip, a further series of experiments was undertaken in 
which the load was applied very gradually. These tests were carried 
out both at room temperature and at elevated temperatures up to 400° C. 


42 THE CREEP OF METALS 


Very slow rates of loading were adopted, resulting in creep at rates not 
exceeding about 0.1 per cent per day. When the load was allowed to 
remain constant for some days, rates considerably lower than this were 
observed. These rates are, of course, large compared with those normally 
used in creep testing, but they are small compared with rates often found 
during initial loading, when extensions of 1 per cent or more may occur 
during the first day. It was found that the character of the distortion 
could be altered profoundly by the use of a sufficiently slow straining 
rate. Under some conditions an extension of as much as 4 per cent 


Fie. 82. Fie. 33. 
Fic. 32.—ALUMINUM SINGLE CRYSTAL EXTENDED 0.9 PER CENT IN 2 MINUTES 
AT NORMAL TEMPERATURE. X 150. 


Fig. 33.—ALUMINUM SINGLE CRYSTAL SLOWLY EXTENDED 1.8 PER CENT IN 52 DAYS 
A 20 cu Oeuee ce LOOE 


could be obtained before any surface effects became visible. The general 
character of the results is illustrated in Figs. 32 to 35. The normal fea- 
tures of distortion produced by an elongation of about 1 per cent imposed 
in 2 min. either at ordinary or at elevated temperatures is shown in 
Fig. 32. Single crystals extended to this degree sufficiently slowly at 
room temperature, at 110°, 250° and 400° C. showed no sign of any sur- 
face effects whatever. At room temperature slip-bands became clearly 
visible before the extension reached 1.5 per cent, while at elevated tem- 
peratures surface features were not detected until the elongations were 
of the order of 2 per cent or more. Fig. 33 shows the surface appearance 
of a single crystal elongated 1.8 per cent at 250° C. in 52 days, at the 
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average rate of about 0.04 per cent per day (the instantaneous rate must 
at times greatly have exceeded this rate). The surface markings are 
hardly to be seen in the photograph, since they are so slight, and they 
required for their detection careful manipulation of the lighting and focus, 
which has greatly exaggerated the size of the particles of impurity in 
the metal. Faint striations however can be seen, suggesting a slight 
rumpling of the surface. Nothing like normal slip-bands is visible. 
Fig. 34 shows similar markings produced in a single crystal slowly extended 
2 per cent at 400° C., the rate being slightly greater than 0.1 per cent 
per day. Close to one end of the parallel portion of this test piece there 


Fig. 34. Fia. 35. 
Fig. 34.—ALUMINUM SINGLE CRYSTAL EXTENDED 2 PER CENT IN 13 DAYS AT 
400°C; < 150. 
Fig. 35.—ALUMINUM SINGLE CRYSTAL EXTENDED 4 PER CENT IN 216 DAYS AT 


PLO? C2 x. 150. 


was an exceedingly small crystal included in the larger crystal; the 
boundary between the two became extremely well developed long before 
any sign of visible deformation could be detected within either crystal. 
No signs of recrystallization could be detected, although the specimen 
was under load for a period of 17 days at 400° C., a temperature greatly 
exceeding the normal minimum recrystallization temperature. Fig. 35 
shows a specimen extended 4 per cent at 110° C., the rate being much 
slower, namely, 0.01 per cent per day. Traces of normal slip-bands 
can just be detected. In spite of the lower temperature, the use of a 
lower rate of straining has permitted a greater extension to be obtained 
without signs of visible slip-bands. 
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It is clear that no single mechanism can explain all the features of 
creep. In addition to those already described, there is the mechanism 
of flow and failure through continuous recrystallization; that is, a con- 
tinuous formation of new undistorted crystals. Such a mechanism has 
been described by Beckinsale and Waterhouse** for lead at ordinary 
temperature, by Clark and White'! for certain brasses above 300° C., 
and by others. The onset of recrystallization is accompanied by abnor- 
mally rapid rates of flow, and a period of declining creep is probably 
absent. The metal gradually extends until it fails with very large elonga- 
tions and a point fracture, as would be expected if the metal is being 
automatically returned to its original annealed condition. For lead 
Beckinsale and Waterhouse state that creep begins by slipping within 
the crystal, but when the amount of strain thus produced exceeds a few 
per cent recrystallization of the metal occurs and flow becomes rapid; 
cycles of hardening and recrystallization succeed one another until the 
metal draws out to a point and breaks. 


Types oF FLow AND FRACTURE 


We are now able to recognize that flow and fracture may take place 
in a number of different ways. 

Flow may occur: (1) by normal slip, involving shear on erystallo- 
graphic surfaces widely separated from one another, (2) by a more 
uniform distortion, which we may call “‘slip-less” flow,* (3) by the 
continued primitive distortion of new crystals continuously produced 
by recrystallization, (4) by movements at or near the grain boundaries. 

Fracture may occur: (1) by gradual breakdown of the crystal (trans- 
crystalline fracture), (2) by gradual breakdown of the crystal boundaries 
(intererystalline fracture), (3) by the continuous drawing down of recry- 
stallizing metal to a point fracture. 

It is not yet possible to express any final opinion regarding the sig- 
nificance of these observations in relation to creep testing and the behavior 
of metals in service. Indeed, it is possible that other mechanisms of 
flow and fracture may exist of which we are as yet unaware. More- 
over, nothing has yet been done to discover the differences, if any, 
associated with different mechanisms, or to ascertain to what extent some 
of the apparent anomalies in creep testing can be accounted for by different 
types of flow. Nevertheless, some speculations may be permitted in 
a lecture of this kind, in the hope that they may lead to the opening up 
of new lines of attack on this difficult problem. 


* It is difficult to find a satisfactory term to describe this flow. Further study 
may show that it is essentially the same as normal distortion in which the shear is 
spread over a large number of planes, but is nowhere sufficient to be detected by 
optical methods. 
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Deformation by Normal Slip 


Deformation by the normal process of slip appears to occur most 
readily: (1) the lower the temperature, (2) the more rapid the rate of 
strain, (8) the larger the grain size. 

The experimental evidence on these points is scanty, and certainly 
does not justify generalization, but it certainly points in these directions. 
In regard to the third point, it has repeatedly been observed that in 
test pieces containing large and small crystals side by side normal slip- 
bands occurred in the large crystals but not in the small crystals, although 
each size was strained to the same degree. 

_ This type of distortion appears to be characterized by (1) strain- 
hardening and (2) a decreasing rate of flow. It appears to occur during 
the primitive flow associated with loads which cause comparatively big 
primitive extensions, and also with flow during the early part of the 
declining creep rate when the primitive flow is large. It is, in fact, asso- 
ciated with cold-working, in the ordinary sense of that term. This type 
of flow is followed by (1) the complete cessation of slip, which is probably 
favored by a comparatively low temperature, (2) slip-less flow, (3) 
recrystallization, favored by high temperature and high stresses. 

The effect of distortion of this kind on the crystal structure has not 
been much studied for slow rates of creep; since the metallographic fea- 
tures are so similar to those associated with rapid flow, it appears justifi- 
able to assume, for want of better evidence, that the crystal structure is 
affected in the same manner, and recent work by Moore**?* and his 
co-workers appears to support this view in the case of lead. LEarlier 
investigators have not usually dealt with the effect of small distortion 
of the order of 1 per cent, although the inference has always appeared to 
be justified that slipping, even in its early stages, produces fragmentation 
of the lattice along the site of the slip-band, the fragments being rotated 
through small angles about the slipping plane. In my laboratory we 
have recently detected distortion of this kind associated with slipping in 
aluminum when the elongation was much less than 1 per cent. Further 
distortion adds to the amount of fragmentation, but does not appreciably 
alter the size of the fragments themselves. The degree of fragmentation 
produced by normal slipping in an early stage of the deformation appears 
therefore to be substantially the same in general character as that pro- 
duced at a later stage, and to represent a profound local disturbance of 


the crystals. 
Slipless Flow 


Plastic flow without visible slip-bands appears to be the more readily 
produced: (1) the slower the rate of straining, (2) the higher the tem- 
perature, (3) the smaller the grain size. 
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In regard to the first item, there seems to be some evidence that the 
change over from one type of distortion to the other takes place rather 
suddenly at a critical straining rate. The mechanism involved in this 
type of deformation is not known, and any comments as to its nature or 
the processes involved must therefore be speculative. There is at present 
no real justification for assuming that it differs from normal slip except 
in the spacing of the surfaces of movement, for it may well be caused by 
shear of the same nature as normal slip, in which the movements are 
outside the resolving power of our microscopes. 

It may, however, be of some interest to examine the possibility of a 
modification in the form of crystal distortion when effects due to time 
and increased temperature have 
greater opportunities of taking 
place than in rapid testing. There 
is ample evidence that distortion 
of comparatively small amounts 
sets up a condition of internal 
stress, and that the stresses pro- 
duced by quite a small distortion 
may be considerable in their inten- 
| sity. This is revealed by the loss 
of elasticity caused by overstrain, 
and by “elastic afterworking”’ or 
relaxation. The presence of inter- 
nal stress is also indicated by the 
X-ray examination of deformed 
metals. When the straining is 
41 comparatively rapid, the existence 
of such internal stresses is likely to 
lead to a resumption or continuance 
of flow in those localized regions 
where the shear stress is at a maxi- 
mum, and.it may be that causes of this nature are responsible for the 
intense local shears which produce the slip-bands. These internal stresses 
gradually disappear at ordinary or slightly elevated temperatures during 
the process of ‘elastic afterworking.”*” Time may operate in this way 
against the intense localization of distortion associated normally with 
slipping, thus leading to a more uniform distribution of the distortion, 
which is in consequence invisible to our microscopes. 

The more uniform distribution of the distortion throughout the crystal 
might be expected to produce a greater hardening effect for the same 
total amount of distortion than when the shear is localized on widely 
spaced surfaces. On a number of occasions I have observed:that the 
hardening effects produced by small distortions under creep conditions is 


Fig. 36. —ZINC EXTENDED 25 PER CENT IN 
125 nours aT 150°C. X 150. 
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greater than that produced by a similar total distortion imposed rapidly 
on the metal. 

The uniformity of the distortion throughout individual grains is well 
illustrated by Fig. 36, which shows a polished unetched surface of a zine 
test piece extended 25 per cent in 125 hr. at 150° C. The crystals have 
rotated in relation to one another, but in spite of a very large distortion 
each crystal possesses a perfectly plane, polished surface except very 
close to the boundaries. This is well shown by the variations in tone 
between different crystals, which is entirely due to optical effects caused 
by varying degrees of departure from normality to the incident light. 

The possibility that movements of a viscous character contribute to 
“slipless flow’”’ cannot be excluded, although there is ample evidence that 
the movements cannot wholly be explained by purely viscous phenomena. 
The work-hardening sometimes associated with very slow distortion 
requires an internal change in the crystal itself; but it is quite possible 
that in the higher ranges of temperature the ‘‘ viscous”’ factor predominates. 


Effect of Temperature 


The principal effects of temperature on cold-worked metal,. apart 
from constitutional changes, are as follows: (1) to reduce internal stresses, 
(2) to induce softening, (3) to set up recrystallization. These effects, 
which can. be separated from one another theoretically, in practice have 
overlapping ranges to an extent which varies considerably from metal to 
metal. They succeed one another in the order given as the temperature 
is raised. But they all require time for their completion, and the time 
involved decreases rapidly as the temperature is increased. Most of the 
practically important creep phenomena are associated with time-tem- 
perature conditions which do not produce recrystallization in the normal 
sense. Heating to an appropriate temperature will, without causing 
recrystallization, bring about more profound changes than the removal of 
internal stress: these changes are commonly classed together under the 
term “recovery” or “healing,” but they are imperfectly understood. 
The hardness due to working is reduced, though not usually to the value 
for fully annealed metal. Recrystallization does not take place in the 
sense that new crystals are formed comparable with those in annealed 
metal, although the small grain fragments tend to rotate backwards 
towards their original orientation. When the processes of working and 
heating or recovery take place together slowly it is to be expected that 
internal stresses of a high.order will never develop, nor will severe local 
distortion of the crystalline structure occur to the same degree as when 
the process of working is.carried out in the cold. There is no evidence 
to contradict the assumption that distortion of crystals at elevated tem- 
peratures takes place by shear in crystallographic directions in the same 
manner as normal cold-working. The work of Miller?’ on zinc and of 
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Baker, Betty and Moore?* on lead point clearly to crystallite formation 
in the creep range of temperature. Recovery appears to remove most 
of the hardening or strengthening effect of deformation while preserving 
most of the grain fragmentation. Without committing oneself to any 
particular theory of distortion, it is not difficult to imagine conditions 
under which this might lead to the limitation of slip on one plane to a 
small amount and to further distortion taking place in regions of the 
crystals in which fragmentation has not yet occurred. Wheeler and I 
have observed, in regard to single crystals and aggregates in aluminum 
and aggregates in zinc, that metals can be extended at high temperatures 
without recrystallization taking place, to a degree much greater than is 
possible if the processes of deformation and heating are carried out 
separately. If, as seems likely, the onset of recrystallization requires 
that the local distortion at some point must exceed a certain threshold 
value, it seems quite possible that under appropriate conditions of tem- 
perature a metal could extend gradually to a very considerable extent 
without any signs of recrystallization. I have observed distortions 
exceeding 25 per cent in zine at 150° C. without recrystallization; and 
Baker, Betty and Moore?® report that in lead crystals, which extended 
by more than 40 per cent at room temperature, recrystallization occurred 
only near to the fracture, where the metal was ‘‘very severely distorted,” 
but not away from the break. 

The existence of a threshold value for recovery has been suggested by 
Tammann*® and by Hanffstengel and Hanemann.'* A certain minimum 
distortion must therefore be exceeded before recovery can begin; this 
quite possibly corresponds to the critical point found by Chalmers! in 
tin and Hanffstengel and Hanemann" in lead at very low distortions. 

The existence of a recovery threshold implies permanent strain- 
hardening and would lead to declining rates of flow under low stresses 
incapable of exceeding this amount of distortion. 

The metallographic evidence which I have obtained in many experi- 
ments, which has recently been confirmed by Moore and his co-workers, 
strongly suggests the association of what I have called ‘‘slipless flow”’ 
with the period of constant creep rate. 


Flow with Recrystallization 


This type of flow probably occurs only with comparatively high 
stresses and comparatively large deformation. It is well known that a 
deformation threshold exists for recrystallization, the minimum deforma- 
tion being the less the higher the temperature. Normally, deformation 
of the order of 1 to 2 per cent at ordinary temperature produces recrystal- 
lization only at high temperatures outside the practical creep range. 
Flow with recrystallization, therefore, can hardly enter into practical 
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creep phenomena except when comparatively high distortions can 
be permitted. 

Recrystallization continually restores the crystals to their primitive 
condition of minimum elasticity; thus, any stress that causes extension 
in excess of the recrystallization threshold corresponding to the tem- 
perature involved must lead to a continual softening of the material, 
accompanied by continuous extension; since appreciable work-hardening 
is never imposed on the material, fracture in the normal manner due to 
the exhaustion of ductility does not take place, and the metal extends to 
a point fracture with high elongation. The form of the creep-time curve 
is accelerating, but it may take a complex form owing to cycles 
of temporary crystal distortion, up to the threshold value, followeg 
by recrystallization. 

The existence of a threshold value is well shown by the following 
experiment due to Hanffstengel and Hanemann.'* Two samples of lead 
were extended by 0.4 per cent and 2.3 per cent, respectively, and then 
subjected to a load of 228 Ib. per sq. in. Creep curves are shown in 
Fig. 37. The form of the curve shows the very great increase in the rate 
of flow while recrystallization is in progress. Since 2.3 per cent is only 
just above the minimum effective extension, the onset of recrystallization 
is slow, and as the process depends on nuclei formation some time must 
elapse before it attains a maximum. When recrystallization is complete 
the rate of flow again diminishes. Experiments by Russell®* in which the 
recrystallization took place more quickly confirmed this great increase 
in creep rate during recrystallization. 


Flow at Grain Boundaries 


Observations by many workers have shown that creep depends in 
part on processes taking place at the grain boundaries. The nature of 
the boundary is as yet little understood, but it is clear that the atoms in 
this region are not so exactly located in relation to their neighbors as 
those in the interior of the crystal. In the creep range of temperature 
atomic movement due to thermal effects must be pronounced—otherwise 
the process of recovery could not occur—and the possibility of positional 
changes is greatest at the boundary owing to the enhanced positional 
mobility of the boundary atoms. No doubt there is a continual inter- 
change of atoms between neighboring crystals, even if the mean position 
of the boundary does not greatly change. When atomic movements of 
this kind take place under the influence of a stress, they will on the average 
be most frequent in the direction tending to relieve the stress. Flow due 
to atomic mobility will occur therefore much as in an amorphous material. 
This movement cannot account entirely, or even mainly, for the observed 
distortion, since appreciable flow without fracture could occur only if the 
movement extended into the grains themselves. When we consider the 
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interlocked nature of the grain boundaries we can see that any unidirec- 
tional atomic movements must throw increased stresses onto the inter- 
locking projections. Moreover, the rotation of the grains in relation to 
one another (as shown in Fig. 36), which is an inevitable result of flow 
by shear on crystallographic planes, must involve complex stresses in the 
region of the grain junctions. They can relieve themselves from these 
increased stresses by localized plastic flow, also in a direction controlled 
by the applied load. A continual redistribution of the localized stresses 
at the boundary due to repetition of this process can account for the 
observed effects. 


Fracture 


The study of the mechanism of creep fracture is beset by many 
difficulties. The examination of specimens that have broken completely 
does not as a rule lead to conclusive results, because the final stages of 
separation do not involve creep phenomena at all, but are rather charac- 
teristic of ordinary tensile testing: the metal frequently extends rapidly, 
by processes that may differ greatly from those leading to the initiation 
of the cracks, while the extension in this period being usually as great 
or greater than that occurring in the preceding stages, may easily obliter- 
ate any effects due to creep. 

If we exclude those cases in which recrystallization occurs, the elonga- 
tions of specimens broken in creep tests bear no relation to those occurring 
in corresponding tensile tests. In some cases, as when intercrystalline 
cracking occurs, the elongation may be much lower in the creep than in 
the tensile test, and in others, where recrystallization phenomena pre- 
dominate, it may be much greater. Having regard to the fact that creep 
testing is carried out in a range of temperature where annealing effects 
of one kind or another are commonly present, it would be expected that 
uncommonly high elongations would be the rule. This is certainly not 
true, and in a very large number of instances, probably the majority, 
final elongations are rather less in creep tests than in tensile tests carried 
out at the same temperature. 

It is quite clear that great importance attaches to the point at which 
fracture begins, and in the majority of cases this must be regarded as the 
point at which the stage of accelerated creep commences. The method of 
metallographic examination which I have used, particularly the experi- 
ments in which the specimen has been repolished at stages during the 
test, thus removing the effects of prior distortion, throw much light on 
the stage at which failure must be regarded as having begun. In my 
experiments the period of fracture can be fairly clearly separated by 
appropriate tests from the preceding stages. During the stage of con- 
stant creep the metallographic features change little and the changes in 
physical properties such as hardness and density are not measurable. 
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The onset of the third stage is accompanied by definite metallographic 
features, which intensify steadily into definite cracks—the heavy shear- 
bands in the single crystals and the intercrystalline flow in aggregates, 
Simultaneously the hardness increases in the single crystal, and the 
density decreases in the aggregates. This acceleration of flow can be 
clearly distinguished from the primary extension: the final stage is not a 
resumption of the distortion by which the metal first yielded, for it has 
its own characteristic features. Just as the long period under load during 
the constant creep stage is made possible only because the plastic deforma- 
tion of the initial period has strengthened the metal, so it is impossible 
to escape the conclusion that the change in mechanism during the last 
stage is due to internal structural changes which have been occurring 
gradually during the period of steady creep; we cannot otherwise under- 
stand why, under the same constant stress, flow should first decrease 
almost to nothing and, after a prolonged period, accelerate continuously. 
And since the metallographic features of this period develop steadily into 
cracks, we must conclude that it is the period of failure of the metal. We 
have already seen that it is not due to the effects of reduced cross section: 
moreover, the formation of cracks is equally clearly not due to loss of 
ductility in the ordinary sense, for at the stage at which the rate of flow 
begins to increase the metal is still soft, and when tested in tension or by 
bending reveals a ductility not greatly less than the original metal. 

We are faced with the apparent anomaly that the application of a 
stress which produces a strengthening effect on the metal when applied 
for a short time actually induces a definite weakening of the material 
when sustained for a prolonged period. It is, however, not difficult to 
reconcile the two effects, for the action of long sustained stresses of 
sufficient intensity appears to cause disintegration of the metal at those 
places where it must be supposed that the orientation of the crystal is 
most disturbed; i.e., at the grain boundaries, or on the surfaces where 
normal slip has already taken place. The process of breakdown of the 
metal under these circumstances must be clearly distinguished from slip- 
ping, which is a definite movement of translation. Slipping, in a perfect 
erystal, is a mechanism by means of which the metal avoids fracture. 
If the act of slipping did not produce fragmentation and localized crystal 
disturbance, rupture would not occur until the section had been reduced 
to very small dimensions. But the introduction into the crystal of 
surfaces of imperfection, such as those between neighboring crystals, or 
at the junctions of the fragments, renders possible what has been called 
by Becker*! “thermal” deformation. This type of flow occurs when an 
elastic strain is superimposed upon the normal thermal vibrations of the 
atoms, which change their positions one by one in their attempt to escape 
from the applied stress. It is clearly likely to occur most readily at 
elevated temperatures, for the increased thermal vibrations of the atoms 
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would require a smaller external stress to produce deformation. In a 
wholly amorphous substance this might cause continuous flow, but in a 
metal the disregistry required to facilitate these movements is greatest 
on surfaces widely separated from one another by regions of almost 
undistorted crystal, in which thermal deformation cannot so readily 
occur, if at all. Such movements might well be imagined in these circum- 
stances to lead to gradual development of cracks by the breaking of the 
cohesion bonds one by one, especially when the applied force is a tension 
tending to pull the atoms apart. If the regions of crystal disturbance 
contain initial defects or discontinuities in the nature of minute cracks, 
such as probably occur on surfaces of severe slip or at grain boundaries, 
the stress concentration due to those discontinuities is likely to cause 
them to extend by thermal flow under comparatively low stresses. 

An explanation of this kind appears to account for the location of 
the movements that initiate the stage of fracture, which occur preferably 
at grain boundaries or on the surfaces of severe deformation caused by 
the primary slipping. Such an explanation is consistent with the devel- 
opment of cracks under low stresses in completely ductile material: for 
if material undergoing thermal flow of this kind is subjected to a more 
rapid deformation, even if thermal cracks have to some extent developed, 
higher shear stresses are imposed on the material which will initiate the 
alternative mechanism of flow in the less disturbed regions—namely, 
normal slip. 

Thus we see that the surfaces of slip, and the grain boundaries, which 
commonly behave as the strongest regions in a crystal, have within them 
sources of weakness which may, under the appropriate circumstances, 
be developed into cracks. 


Factors AFFECTING CREEP STRENGTH 


One of the difficulties in connection with the correlation and use of 
creep data lies in the wide differences that occur in the creep results 
obtained by different workers using similar materials. These differences 
are not wholly due to the use of different testing methods or apparatus 
nor to any want of care in the choice of material or control of its quality 
as ordinarily understood. Rather is it an indication of the fact that 
the creep characteristics of a metal are influenced profoundly by factors 
that are comparatively unimportant in relation to mechanical properties 
at low temperatures. Engineering alloys are influenced at normal tem- 
peratures by the physicochemical and structural modifications which 
normally accompany the different processes of casting, fabricating and 
heat-treating these materials. The principal physicochemical effects 
utilized to increase strength in the cold are supersaturation and the reten- 
tion of unstable phases: the principal structural effects are fineness of 
the constituent crystals and cold-working. These factors have less 
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importance within the creep range of temperature, for the very atomic 
mobility which permits gradual creep to occur renders unstable these 
features which make for increased strength in the cold. Supersaturated 
solid solutions and unstable phases gradually give place to more stable 
phases; finely divided structures coarsen by the coalescence of their 
particles through diffusion; the hardness due to cold-working is reduced 
by softening and recrystallization. But these effects on the creep char- 
acteristics are even more profound than is represented by the diminution 
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in tensile strength due to the internal changes which take place. There 
is now ample evidence to support the view that metals flow particularly 
easily while internal changes are occurring. Clark and White™ found 
that creep in certain brasses became abnormally high while recrystalliza- 
tion was in progress, and that deformed steel*’ crept at 600° to 1000° F. 
more quickly while recrystallization was occurring than the same steel 
which had not been deformed. Beckinsale and Waterhouse** and 
Hanffstengel and Hanemann™ find accelerated creep in lead and the 
latter workers state that ‘the creep rates during recrystallization are 
10 to 20 times higher” than the rate of creep of the same metal prior to 
the onset of recrystallization (Fig. 37). Yamaguchi** finds abnormal 
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ereep during transformations ‘when the microstructure changes.” Dur- 
ing such internal rearrangements, while the atoms are changing their 
positions, greater opportunity occurs for thermal flow of the kind to 
which I have already referred: when the changes in internal structure 
occur rapidly, as in the experiment by Hanffstengel and Hanemann 
described above, a comparatively large volume of the metal is involved 
at any one moment, and a great acceleration in the rate of creep might 
be expected: with other changes, such as gradual precipitation from a 
supersaturated solid solution or the coalescence of pearlite into globular 
cementite, the volume of metal at any moment concerned with the 
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change might be comparatively small, and the rate of creep correspond- 
ingly small. 

If these views are correct, the most satisfactory type of alloying ele- 
ment will not be that which makes heat-treatment possible, but rather 
that which decreases the internal atomic mobility, and raises the softening 
or recrystallization temperature; while the most satisfactory heat-treat- 
ment will be that which produces the most stable crystalline structure. 


Grain Size 


The fact that grain size influences creep rate is well recog- 
nized, 1011,12.17,34,14, ee Most of the workers that have examined this 
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property have used only a comparatively few grain sizes—often only two, 
described as fine and coarse, and no systematic study of the subject 
has yet been undertaken. Clark and White®? have expressed the view 
that the influence of grain size changes at a definite temperature, 
which they call the “minimum recrystallization temperature” or “equi- 
cohesive temperature.’ Above this temperature a coarse-grained struc- 
ture is superior while below this temperature a fine-grained structure 
possesses the greater creep resistance. Hanffstengel and Hanemann," 
on the other hand, referring to lead, change the order at a critical 
point in the stress-rate curve (corresponding to a rate of the order of 10-4 
per cent per hour). At rates of strain greater than the critical, the fine- 
grained lead creeps more slowly, and at lower rates the coarse-grained. 
Neither investigator appears to have measured the change in the rate 
of flow with change in grain size, and the generalizations appear to be 
premature. They cannot both be true for all rates of strain—or for 
all temperatures. 

Sandford and I* have investigated the effect of grain size more 
thoroughly with tin and some tin alloys. Tests were carried out at room 
temperature, which is above the temperature of recrystallization of these 
alloys. The material used was always annealed in the ingot form to 
produce constitutional equilibrium and then worked and heat-treated 
to give a wide range of grain sizes. Creep tests at a constant load were 
carried out and the duration before fracture and the minimum creep 
rate were found. ‘Typical results for tin are shown in Fig. 38. Grain 
sizes are recorded as the number of grains in the cross section, as this 
is more fundamental than the actual grain size. The results show that 
the duration reaches a maximum with a grain size of 300 in the cross 
section, while the minimum creep-rate curve shows a minimum at the 
same point. This is a logical result, as, if the coarser grain size had a 
better creep resistance over the whole range of grain size, a single crystal 
would be the strongest form under creep. The existence of an optimum 
grain size in some tin alloys has also been confirmed but the generality 
of the observations has not been established. 

No convincing explanation of the effect of grain size has yet been 
offered. It is, however, clear that a large grain size is inherently. more 
stable than a fine grain. It is also true that the processes by means of 
which large crystals are commonly produced, which involve longer times 
of heating or higher temperatures, may produce more stable internal 
structures. If the temperature is such that grain growth may occur, 
even very slowly, the metal will be liable to flow the more readily the 
finer the grain. Moreover, although fine grains are more resistant to 
slip with rapid rates of strain by reason of the interference of the crystals 


* Unpublished data. 
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with one another, it is by no means inconceivable that they would prove 
to be less resistant to thermal flow at low rates of strain owing to the 
same cause. Moreover, the disturbance caused by deformation of a 
fine-grained metal, being more profound, might be expected to oppose 
further slip, but to facilitate thermal flow. Thus the differences might 
be accounted for by a change in the mechanism of flow. The maximum 
that occurs at a comparatively large crystal size might be accounted for by 
a scale effect as the crystal size approached that at which the influence 
of the individual crystals is felt. The statistical average effect of a 
multicrystalline mass must at some stage be influenced, as the grain 
size increases, by the directional properties of individual crystals. 


NOTE 


Since the above lecture was written, papers by Moore, Betty and 
Dollins (Univ. Illinois Bull. (1938) 35, 102) and by Greenwood and 
Worner (Jnl. Inst. Metals, Feb. 1939) have come to the writer’s notice. 
They deal with some of the matters referred to in the lecture, but it has 
not been possible to include any account of them in the lecture. 
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An X-ray Study of the Iron-palladium and 
Nickel-palladium Systems 


By Rateu HuitGren,* MemBer, AND Caru A. Zaprre,{ JuNion MremsBer A.I.M.E. 


(New York Meeting, February, 1939) 


Frew phase diagrams of alloys composed of two transition metals 
have been adequately studied, probably because of the high melting 
points involved. Transition metals are the elements that have inner 
shells incompletely filled with electrons. They comprise groups IIIa to 
VIIIa of the periodic table, including more than half of all metals. 

We have chosen to study two systems whose comparatively low 
melting points allowed the alloys to be melted in a molybdenum resistance 
furnace. The nickel-palladium system proved to consist of a simple 
series of solid solutions, but iron-palladium manifested several remarkable 
features. The main characteristics of the latter diagram were decisively 
established, but lack of time prevented precise determination of phase 
boundaries. The gamma to alpha transformation in this system is 
unusual and warrants further study. 

Grigorjew! determined the liquidus and solidus of the iron-palladium 
system by thermal methods. He found a minimum melting point, but 
no eutectic. He also found that palladium lowered the gamma to 
alpha and raised the gamma to delta transformation temperatures of 
iron, with a complete series of solid solutions existing between gamma iron 
and palladium. His measurements also indicated a compound or super- 
lattice near the composition FePds. 

Jellinghaus? found that annealing at 500° C. greatly increased the 
magnetic coercive force of an alloy of composition FePd. X-ray dif- 
fraction photographs showed that a tetragonal ordered phase had formed 
during the anneal. 

Hocart and Fallot?:!7 made magnetic measurements over the entire 
range of composition. They found that less than 5 atomic per cent Pd 
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was soluble in alpha iron, in contrast to the other platinum metals, 
which are quite soluble. Betwean 5 and 40 atomic per cent, two Gane 
points were found, one at 764° C. and one at 432° C. This is character- 
istic of two-phase regions. For higher percentages of palladium, the 
Curie point depended on the heat-treatment. In alloys quenched from 
1150° C., it decreased regularly with increasing palladium content. In 
the same alloys cooled slowly for 100 hr. between 800° C. and 400° C., 
the Curie points reached a maximum at 48 and at 74 atomic per cent 
Pd. X-ray photographs showed that a second phase was beginning to 
form, but most of the alloy was still in the disordered face-centered- 
cubie form stable at high temperatures. No satisfactory structure 
determinations of the new phases were possible. 

The present writers were able by more thorough annealing to 
complete the transformations, and found that in both cases superlattices 
had formed, which were isomorphous with AuCu and AuCus, respectively. 
The structure determination of Jellinghaus? was corrected. 

The liquidus and solidus of the nickel-palladium system have been 
determined by Heinrich® and by Fraenkel and Stern. Their determi- 
nations agree fairly closely and show a minimum melting point at 45 
atomic per cent Pd. A complete series of solid solutions is indicated. 
Fraenkel and Stern found some evidence of a miscibility gap at lower 
temperatures, but the work of Heinrich® and of Grigorjew’ contra- 
dicts this. 


MerEtHops AND MATERIALS 


Sponge palladium with a stated purity of 99.8 per cent was purchased 
from the American Platinum Works, Newark, N. J. The lattice constant 
was found to be 3.8827 WN compared with 3.8823 A given by Wyckoff® 
for pure palladium. 

The International Nickel Co. kindly furnished high-purity nickel 
powder.* The lattice constant was found to be 3.5168 se agreeing 
exactly with the value of Jette and Foote® for pure nickel. eee treat- 
ment with hydrogen at a red heat, it was stored in a desiccator pre- 
paratory to use. 

High-purity carbonyl iron, furnished by the Naval Research Labora- 
tories at Washington, D. C., was used. It contained carbon 0.0022 per 
cent, and silicon 0.0012 per cent, according to the analysis given. The 
lattice constant was 2.8607 A, eomnated with 2.8605 A. given by Jette 


* Commercially pure nickel shot was examined and found to be inhomogeneous. 
Although the analysis given indicated 99.88 per cent purity, lattice constants varied. 
from one shot to another and from inside to outside of the same shot. The range of 
values was 3.5173 to 3.5200 A. 
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and Foote? for pure iron. It was filed to powder form with negligible 
contamination from the file. 

Weighed quantities! of the metal powders were mixed and melted 
in a vacuum in crucibles of pure aluminum oxide. These crucibles, 1 
em. in diameter and 2 cm. tall, were made by the Lava Crucible Co. of 
Pittsburgh. The company reported that they contained “98 per cent 
Al,O3 with TiO» the largest impurity with a very small amount of FeO; 
and SiO2.’’ No binder had been used. The melting was done in a 
molybdenum-wound resistance furnace insulated with silica brick. 
Furnace and insulation were encased in a water-cooled copper shell, 
which was evacuated by a mercury diffusion pump backed by a Hyvac. 
A cold trap was placed between furnace and diffusion pump. A window 
of Pyrex glass allowed melting to be observed. The ingots obtained were 
cold-worked by hammering and sealed off in evacuated Vitreosil tubes. 
The samples were then given a long homogenizing anneal. 

Considerable difficulty was at first experienced in attaining homoge- 
neity. Months of anneal at 1000° C. was not sufficient. Microscopic 
examination showed that some grains had not fused together, either 
because of incomplete melting or oxide coatings. A more drastic treat- 
ment was adopted. 

The powders were briquetted in a steel mold before melting, to 
insure intimacy of contact. When the furnace had attained a red heat, 
hydrogen was admitted and pumped out several times in order to reduce 
oxides. A crucible containing pure palladium (melting point 1555° C.) 
was placed on top of the others and the temperature of the furnace was 
increased until the palladium was observed to melt. The high tempera- 
ture was maintained for about 10 min. before the power was shut off. 
This insured that the alloys were several hundred degrees above their 
melting points for some time. The temperature of the homogenizing 
anneal was also increased. It was found by trial that Vitreosil tubes 
would retain a vacuum for several days at 1300° C. before devitrification 
became serious. Since the melting points of most of the alloys were 
below 1400° C., homogenizing near the melting point was possible. 
Anneals of two days at 1300° C. or five days at 1200° C. were carried 
out, then the sample was cold-worked and the anneal repeated as often 
as necessary. Caution was necessary to prevent cracking during cold- 
work. Between anneals samples were cleaned by filing. This technique 
succeeded in obtaining homogeneity, as evidenced by sharp back- 
reflection X-ray lines obtained from mixtures of powders filed from 
several places on the ingot. Each homogeneous ingot was chemically 
analyzed for both constituents. 

Final anneals were performed on powder samples filed from these 
ingots. The powders were sealed in evacuated Pyrex or Vitreosil tubes, 
which were lowered into furnaces maintained at constant temperatures 
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by pyrometer controllers. Precautions* were taken to minimize tem- 
perature gradient, and it is estimated that temperatures remained 
constant within 3° C. Upon completion of the anneal, the samples 
were expelled with a steel rod and broken on an anvil under water 
or alcohol. The latter was necessary to avoid corrosion in the 
iron-palladium system. By this means, a very rapid quench was 
obtained. Times of anneal varied from four days at 800° C. to three 
weeks at 400° C. 


GAMMA PHASE 
TETRAGONAL SUPERLATTICE (3) 

CUBIG SUPERLATTICE (Jz) 

ALPHA PHASE 

GAMMA NOT PRESERVED ON QUENCHING 


DEGREES CENTIGRADE 


SLOWLY COOLED 


lo} 10 20 30 40 50 60 70 80 90 100 
ATOMIC PERCENT PALLADIUM 
Fic. 1.—THE IRON-PALLADIUM SYSTEM. 


The quenched powders were studied by X-ray diffraction methods. 
The phases present were identified from Debye photographs, while 
precision lattice constants were determined with the aid of a back- 
reflection focusing camera,’ using Cohen’s method of calculation. ! 


TRON-PALLADIUM SYSTEM 


Confirming the magnetic results of Hocart and Fallot,’ it was found 
that palladium has little solubility in alpha iron and that at lower 
temperatures there is a two-phase region up to more than 40 atomic per 
cent Pd. At elevated temperatures, gamma iron and palladium seem to 
be completely miscible, although in high-iron samples the gamma phase 


* For a more complete description of the annealing and quenching technique used, 
see A. S. Coffinberry and R. Hultgren: Trans. A.I.M.E. (1988) 128, 249. 
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cannot be preserved by quenching. The gamma phase forms two 
superlattices! to which we will assign the formulas FePd and FePds. 
The first is tetragonal, isomorphous with AuCu, and the second cubic, 
like AuCu;. Fig. 1 shows the phases present at each temperature and 


Fic. 2.—DEBYE PATTERNS OF IRON-PALLADIUM SAMPLE CONTAINING 10 ATOMIC PER 
CENT PALLADIUM. 
Quenched from 675° C. (above) and 800° C. (below). 


composition investigated. The phase boundaries drawn in Fig. 1 are 
not to be regarded as exact. 


GAMMA TO ALPHA TRANSFORMATION 


Debye patterns of alloys containing 5.5, 10, and 20 atomic per cent 
Pd showed a well defined two-phase region at temperatures below 750° C. 
The lines of both phases were sharp. 

The same samples quenched 
from 800° C. gave quite different 
results. Diffraction lines of a sin- 
gle body-centered cubic lattice 
2.950 appeared in the Debye patterns 
(Fig. 2). The lines were diffuse, 
the diffuseness increasing with the 
amount of palladium in the sam- 
ple. As shown in Fig. 3, the lattice 
constants of this phase increased 
practically linearly with palladium 
content, indicating that the palla- 
dium was dissolved. The expan- 
2.es0h | L L — sion of the lattice is about twice as 

ATOMIC PERCENT PALLADIUM great as predicted by Vegard’s law. 

Fig. 3.—LarricE Constants or Bopy- This is consistent with the large 
CENTERED CUBIC PHASE PRODUCED BY sys : . . 
QUENCHING FROM GAMMA RANGH, positive deviation found in the 

gamma phase. 

A large increase in solubility at this temperature seems improbable 
and is inconsistent with the stabilization of gamma by palladium. More- 
over, much the same patterns were obtained from samples quenched from 
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900° C., a temperature only slightly below the gamma to alpha trans- 
formation of pure iron. It seems almost certain that the samples have 
been quenched from the gamma range with the gamma phase transform- 
ing during the quench. The diffuseness of the diffraction lines suggests 
lack of equilibrium, which is in accord with this explanation. 

Fallot’s!? magnetic determinations of the temperatures of decom- 
position of gamma substantiate this interpretation. His results are 
not precise because of a large hysteresis, but in all cases the curve of 
Fig. 1 hes between his lower and upper limits. 

Thus, it appears that during the quench there has been a mass trans- 
formation of structure from face-centered to body-centered cubic, in 
which palladium is held in supersaturated solid solution. 

In quenches from the two-phase region, the gamma phase contained 
more than 20 atomic per cent Pd and was preserved, except for the two 
eases noted below. The positions of the gamma lines depended only 
on the annealing temperature and not on composition, which is character- 
istic of equilibrium in a two-phase region. For annealing temperatures 
of 600° C. and below, certain lines of the gamma phase were split, showing 
the tetragonal symmetry of the FePd superlattice. 

Debye patterns of the 5 per cent Pd sample quenched from 775° and 
790° C. showed no gamma, phase and two body-centered cubic patterns. 
One of these, with sharp lines, had the lattice constant to be expected of a 
saturated alpha phase. The other, with diffuse lines, had considerably 
larger lattice constants, which, calculating from Fig. 3, indicated the 
presence of about 10 atomic per cent Pd at 775° C. and 7.5 atomic 
per cent at 790° C. 


ALPHA PHASE 


The lattice constants of alpha in equilibrium with gamma were only 
slightly larger than those of pure iron. Since no samples within the 
alpha range of homogeneity were examined, the lattice constant-com- 


position curve could not be drawn. If Fig. 3 is assumed to represent 


Nh 


TaBLE 1.—Solubility of Palladium in Alpha Iron 


Estimated Solubility 


Lattice of Palladium 


Temperature of Anneal, Deg. C. Parameter of 
Baybee Ee hate Atomic Weight 
Per Cent Per Cent 
TEXGH@ TOMY Sars creas Se nO ten OEIS Ecce ae renee 2.86074 
LOPE PAA A ere aia SiS a wert oes! a Besa ee adhe sah 2.8728 2.4 4.5 
PBYAY. «as Bad Ges S ute Sues ae oe ee 2.8695 Les 3.4 
OUD 5 ah 5 sede So SME CRO ean ae 2.8651 0.9 iets 
——— eee 
: 2 Pure iron. 
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this curve, the solubilities of palladium in alpha iron can be calcu- 
lated (Table 1). 


TaBLE 2.—Lattice Constants of Gamma Phase of Iron-palladium System 


Atomic Per Cent Lattice Constant Atomic Per Cent Lattice Constant 
Palladium (25° C.) Palladium (25° C.) 
0 (3.564) 70.2 3.8367 
34.4 3.7568 72.4 3.8420 
39.5 3.7746 76.6 3.8496 
51.9 3.8015 87.3 3.8626 
59.8 3.8177 100.0 3.8827 


# Value quoted by Neuburger. '® 
GAMMA PHASE 


The lattice constants of the gamma phase are tabulated in Table 2. 
Cobalt-manganese radiation was used to determine them. As shown in 
Fig. 4, there is a strong positive deviation from Vegard’s law. 
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Fia, 4.—LATricE CONSTANTS OF GAMMA PHASE OF IRON-PALLADIUM SYSTEM. 
Lattice constant of gamma iron taken from Neuburger.1* 


TETRAGONAL FEPpD SUPERLATTICE 


At intermediate compositions, the gamma phase became ordered on 
slow cooling, forming a tetragonal superlattice’ with c/a less than 1, in 
disagreement with the determination of Jellinghaus,? who found ¢/a > 1. 
Iron and palladium atoms occupy alternate layers parallel to (001). The 
structure is isomorphous with AuCu. 

A sample containing 51.9 atomic per cent Pd quenched from 650° Gy 
gave the following lattice constants: 


= 3.852 Co = 3.723 Co/ao = 0.9664 
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At lower temperatures c/a decreased, and, surprisingly, it decreased at 
higher palladium contents. The volume of this unit cell is 55.24 iN 8 
compared with 54.94 A. for the disordered gamma phase, an increase of 
0.5 per cent on ordering. 

Although in an AuCu type of superlattice, the critical temperature of 
ordering normally has a maximum at 50 atomic per cent, the only com- 
position at which perfect order is possible, this was not true for FePd. 
The critical temperature for the 51.9 atomic per cent alloy was near 
700° C., but order persisted up to 775° C. with 60 atomic per cent Pd. 

In the former alloy, the ordered and disordered phases were found 
together in samples quenched from 675° and 700° C. A number of other 
investigators have reported ordered and disordered phases present simul- 
taneously. Since all the work had been done with short anneals, it has 
not been considered proved that the two phases were in equilibrium. 
Bragg and Williams'! regard ordering as a continuous process without 
taking account of the possibility of an intermediate two-phase region. 
Nix and Shockley” consider such regions theoretically inevitable but 
perhaps not realizable experimentally. 

The equilibrium was approached from above and below the ordering 
temperatures in an attempt to decide whether the ordered and disordered 
phases were in equilibrium with one another. A portion of the 51.9 per 
cent Pd powder was annealed for a week at 600° C., at the end of which 
time an X-ray diffraction photograph showed it to be completely ordered. 
Two other portions of the same sample were annealed for two days at 
750° C. One of them was quenched and found to be completely dis- 
ordered. The other remained in the furnace while it was cooled to 
690° C. At this point, the ordered sample was inserted and both were 
annealed for 15 days at this temperature before quenching. The ordered 
sample had become partly disordered, but the disordered sample was 
unchanged. While this does not demonstrate the absence of a two-phase 
equilibrium, it does show that the transformation is very sluggish and 
renders it probable that disorder is the equilibrium phase at this tem- 
perature. As Barrett'* has pointed out, it is impossible to demonstrate 
experimentally the absence of a two-phase region between order and 
disorder. Slow rates of transformation could account for all the existing 
evidence of a two-phase region. 


Tue FrePp3; SUPERLATTICE 


At higher palladium contents, there was found another ordered state 
with cubic symmetry,‘ which is isomorphous with AuCu;. Just as with 
FePd, it was not most stable at its theoretical composition. 

Some samples in the cubic superlattice region had partly transformed 
to tetragonal when they were slowly cooled from 600° C. to room tem- 
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perature over a period of 15 days. Similarly, the 76.6 atomic per cent Pd 
sample was found to be partially ordered with the slowly cooled anneal. 

In this superlattice also there was an increase in atomic volume on 
ordering, amounting to about 0.3 per cent. 


NICKEL-PALLADIUM SYSTEM 


All the nickel-palladium alloys studied were face-centered cubic under 
all annealing conditions. No compounds, superlattices, or miscibility 
gaps were detected in annealing periods as long as two weeks at 600° C. 
and three weeks at 400° C. as well as slow cooling from 600° C. over a 
period of 15 days. It was concluded that the miscibility gap reported 
by Fraenkel and Stern® was absent. 

The lattice constants of the nickel-palladium alloys are given in 
Table 3. Fig. 5 shows that they follow a smooth curve with a considera- 
ble positive deviation from Vegard’s law. 


TABLE 3.—Lattice Constants of Nickel-palladium System 


Atomic Per Cent Lattice Constant Atomic Per Cent Lattice Constant 

Palladium (25° C.) Palladium (25° C.) 
0 3.5168 49.7 3.7302 
11.2 3.5699 60.1 3.7667 
Mk re 3.5750 64.2 3.7806 
15.7 3.5897 64.3 3.7796 
25.3 3.6345 77.9 3.8296 
34.5 3.6779 86.0 3.8859 
40.0 3.6920 100.0 3.8827 
47.8 3.7274 


Discussion oF RESULTS 


In both systems, there is a positive deviation from Vegard’s law of 
additivity of atomic radii. Neither system forms any compounds, in 
agreement with a generalization made by Jette! that compound forma- 
tion is always accompanied by negative deviation from Vegard’s law in 
the terminal solid solutions. 

Three peculiarities of the iron-palladium system are worthy of note; 
namely, the gamma to alpha transformation, the increase of atomic 
volume on ordering, and the displacement of the most stable composition 
of the superlattices from the theoretical value. 

Gamma iron containing moderately small amounts of palladium in 
solid solution decomposes below the critical temperature into alpha iron 
that is almost pure and a gamma phase richer in palladium. If the 
gamma-iron solid solution is quenched, however, the decomposition is 
arrested at an intermediate stage. Under the quenching conditions, the 
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face-centered cubic lattice transforms en masse into a body-centered 
cubic one, Diffusion necessary for precipitation is suppressed. The 
palladium atoms, trapped by lack of mobility, are carried into the body- 
centered lattice. Apparently no similar gamma to alpha transformation 
has been reported in the literature except in martensite.* 

Martensite, which is produced on quenching under suitable conditions, 
is considered to be an intermediate stage in the decomposition of austenite 
into alpha iron plus cementite. It is body-centered and contains much 
more dissolved carbon than the alpha phase. The dissolved carbon 
distorts the cubic symmetry into a tetragonal one, the distortion being 
proportional to carbon content. Martensite thus resembles an alpha 
phase containing excess carbon in a supersaturated solution, 
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Fig. 5.—LArvricE CONSTANTS OF NICKEL-PALLADIUM SYSTEM. 


The similarities are obvious, but several differences should be noted. 
First, palladium is dissolved in a substitutional solid solution while 
carbon is in an interstitial one. Second, the palladium sample transforms 
homogeneously into one phase in the samples studied, while austenite is 
observed to accompany martensite in high-carbon samples. Third, the 
palladium phase is cubic while martensite is tetragonal. 

The palladium phase is easier to prepare than martensite and the 
transformation should be easier to study. Probably further work on 
this transformation would yield valuable results in the study of the 
decomposition of gamma phases. 

The increase of atomic volume on ordering is anomalous. As a 
general rule, the atomic volume decreases and we know of no other case 
of an increase. We suggest that this might be due to ferromagnetism. 


* We have been greatly assisted in our discussion of the martensite transformation 
by conferences with Prof. A. B. Greninger and Mr. A. R. Troiano, of this laboratory. 
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It has already been mentioned that Hocart and Fallot’ and Jellinghaus? 
found that ordering profoundly influenced magnetic properties, although 
they did not give magnetic saturation values. 

Koster and Schmidt have deduced from thermal expansion measure- 
ments that ferromagnetism increases the atomic volume of iron 1.6 per 
cent at room temperature, of cobalt 2.3 per cent, and of nickel 1.0 per 
cent. Hence, if the superlattices were more ferromagnetic than the 
disordered state, the expansions of 0.5 per cent for FePd and 0.3 per cent 
for FePd; could be easily accounted for, 


SUMMARY 


Nickel and palladium form a complete series of solid solutions in 
which no compounds, superlattices or miscibility gaps were detected. 
There is a positive deviation from Vegard’s law. 

Palladium is only slightly soluble in alpha iron but forms a complete 
series of solid solutions with gamma iron, with a large positive deviation 
from Vegard’s law. An intermediate stage in the decomposition of 
gamma iron containing dissolved palladium was found and compared 
with the martensite transformation. Two superlattices were found, 
FePd and FePd3. FePd is tetragonal, isomorphous with AuCu and 
FePd3 is cubic, isomorphous with AuCu;. Neither is most stable at its 
theoretical composition. There is an anomalous increase of atomic 
volume on ordering, which possibly is due to ferromagnetism. 
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Equilibrium Relations in Aluminum-zirconium Alloys of 
High Purity 


By Wituram L. Finx.* Memper A.I.M.E. ann L. A. Wruuey* 
(Detroit Meeting, October, 1938) 


Two of the aluminum-alloy systems previously studied—the alumi- 
num-titanium and the aluminum-chromium—exhibit a peritectic reaction 
at the extreme aluminum end of the diagram. Preliminary work indi- 
cated that the aluminum-zirconium and certain other aluminum systems 
were similar in this respect. The present paper, the twentieth of a series 
from the Aluminum Research Laboratories, reports the results of a recent 
investigation of equilibrium relations in aluminum-zirconium alloys of 
high purity, which confirm the preliminary observations. 


Previous INVESTIGATIONS 


There has been only one investigation of the aluminum end of the 
aluminum-zirconium system. Sykes! prepared and _ studied alloys 
containing 0 to 70 per cent Zr. The lowering of the freezing point of 
aluminum by the addition of zirconium was found to be very little, if any 
(less than 2°C.). He placed the solid solubility of zirconium in aluminum 
at room temperature between 0.57 and 0.97 per cent. 

A few other investigators have attempted to determine the com- 
position of the intermetallic compounds occurring in this system. 
Honigschmid? obtained the compound ZrAl; as a by-product during the 
preparation of ZrSiz. He made no attempt to prepare other aluminum-zir- 
conium compounds. Weiss and Newmann® prepared an alloy by heating 
aluminum with a double fluoride of potassium and zirconium. When 
this alloy was treated consecutively with caustic soda and hydrochloric 
acid, there was a residue, which contained approximately 72 per cent Zr 
and 28 per cent Al (Zr3Al.). Marden and Rich‘ prepared an alloy in the 
same way, treated it with caustic soda, and obtained a residue of silver- 
white crystals, which contained 70 per cent Zr and 30 per cent Al (Zr3Al,). 


ALLOYS 


Materials Used.—Electrolytically refined aluminum was employed 
for the preparation of all alloys used in this investigation. The chemical 


Manuscript received at the office of the Institute Aug. 6, 1938. Issued as T.P. 
1009 in Mrtrats TEcHNOLOGY, January, 1939. 
* Aluminum Research Laboratories, New Kensington, Pa. 
1 References are at the end of the paper. 
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analyses showed the following impurities: 0.004 per cent Si, 0.003 to 
0.004 per cent Fe and 0.004 to 0.005 per cent Cu. 

The alloys were prepared from metallic zirconium (total zirconium 
= 95.7 per cent) obtained from the Titanium Alloy Manufacturing Co. 
The chief impurity in this material was zirconium oxide, which was, of 
course, innocuous in the present investigation. The other impurities 
were: Si, 0.12 per cent; Fe, 0.36; Ti, 0.03;C, 0.98. Spectrographic analysis 
revealed magnesium, copper, calcium, barium, chromium, manganese, 
vanadium, nickel and aluminum in such small amounts that they could 
not be determined by ordinary chemical methods. 

Preparation of Alloys——An alloy containing about 4 per cent Zr was 
first prepared by adding the metallic zirconium in lump form to the 
high-purity aluminum in a No. 3 alundum-lined plumbago crucible at 
temperature between 1100° and 1200° C. An electrolytically purified 
fluoride flux was used to retard oxidation and to aid in wetting the zir- 
conium with aluminum. 


TaBLE 1.—Chemical Analysis of Alloys 
Weight Percentage 


Alloy No. Remarks 
Si Fe Cu Zr 


$-29292 0.020 0.007 0.005 4.04 
§-29395 0.06 0.01 0.01 3.02 
§-31335 0.004 0.003 0.004 


S-31336 0.004 0.004 0.005 0.02 

8-31337 0.04 

8-31338 0.10 

§-31339 0.13 Alloys for solid solubility 
8-31340 0.19 determinations (made 
$-31341 0.28 from hardener S-29292) 
8-31342 0.37 

§-31343 0.47 

$-31344 0.55 

8-31345 0.69 

8-31346 0.007 0.005 0.004 0.87 

S-32582 0.007 0.003 0.005 0.44 

8-30299 0.71 Alloys for thermal analysis 


8-32609 0.050 0.006 0.006 2.06 


Alloys for the determination of solid solubility were prepared by the 
addition of the required amount of the 4 per cent Zr alloy to high-purity 
aluminum at 950° to 1000° C. Two of the alloys for thermal analysis 
were prepared in the same way but from another aluminum-zirconium 
alloy containing approximately 3 per cent Zr. The alloys for the solid 
solubility determination were cast in a cold iron mold in the form of ingots 
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20 by 50 by 88mm. The samples for analysis were also cast in cold iron 
molds in the form of slabs 4 by 40 by 75 mm. 

Chemical Analysis.—All of the alloys were analyzed for zirconium by 
the pyrophosphate method.® The results are given in Table 1. 


THERMAL ANALYSIS 


The thermal analyses were made on 200-gram samples, which were 
prepared and heated to 1000° C. in a straight-walled graphite crucible 
(40 mm. inside dia. by 100 mm. deep), which was provided with a 
graphite cover. Since the primary thermal arrest in hyperperitectic 
alloys of this type are weak and usually depressed because of under- 
cooling, no attempt was made to investigate the liquidus curve by thermal 
analysis; therefore the sample was rapidly cooled from 1000° C. to about 
700° C. At this point, the thermocouple was introduced and the cooling 
continued at the rate of from 2° to 5° C. per minute. 

The 22-gauge chromel-alumel thermocouple was protected from the 
melt by a Pyrex glass tube coated with a thin layer of alundum cement and 
lampblack. The outside diameter of the coated tube was 4mm. The 
potential of the couple was read with a Leeds and Northrup type K 
potentiometer. The couple was calibrated against the freezing point of 
electrolytically refined aluminum (660.2° C.)* immediately before and 
after the thermal analysis of each alloy. The average of the calibration 
before and after an analysis was taken as equivalent to the freezing point 
of high-purity aluminum. For the cooling curves, the couple was 
calibrated by running cooling curves, and for the heating curves the 
couple was calibrated by running heating curves. On both cooling 
curves and heating curves, the peritectic temperature was 660.5° C. 


DETERMINATION OF LIQUIDUS 


The determination of the liquidus or, in other words, the solubility 
curve of zirconium in molten aluminum, was made by a method similar 
to that used in determining these curves in systems previously investi- 
gated.¢ Three kilograms of the hardener containing approximately 
3 per cent Zr was heated to about 975° C. in a No. 10 alundum-lined 
plumbago crucible in a small electric crucible furnace. The temperature 
was held constant within +3° C. by means of a Wilson-Maeulen con- 
troller. A protected thermocouple was placed just below the surface of 
the metal and was connected to a Brown portable potentiometer for the 
determination of the temperature near the surface of the metal. When 
the metal was up to temperature, it was stirred vigorously for several 


* In previous papers this grade of aluminum was considered to melt at 660.0° C. 
Later work by the National Bureau of Standards and the Aluminum Research Labora- 
tories has given 660.2° C. as the melting point. A correction of 0.2° C. should 


therefore be made in previous results. 
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minutes to insure saturation of the aluminum with zirconium. The alloy 
was then permitted to stand undisturbed for 4 hr. at constant tempera- 
ture. During this time, the undissolved crystals of a(Al-Zr) settled to 
the bottom of the crucible because they were more dense than the melt. 
The dross was then carefully removed from the center of the surface and 
a small preheated ladle was filled with clean surface liquid. This liquid 
was cast immediately into the form of a slab 4 by 40 by 75 mm., to be 
used for chemical analysis. The heating was continued at this same 
temperature for an additional 15 min. When a second sample of the 
liquid was taken in the same way, the temperature of the furnace was 
decreased about 25° C. and two samples were taken in the same manner 
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Fig. 1.—SonvBIniry OF ZIRCONIUM IN LIQUID ALUMINUM. 


as at the higher temperature. This procedure was repeated approxi- 
mately every 25° C. until the temperature of 673° was reached. Two 
samples were taken in a similar manner at 662° C. A final sample was 
taken from the center surface of the solidified ingot. The results of this 
determination are given in Table 2 and Fig. 1. 

As shown in Fig, 1, all of the samples above 673° C. fall along a straight 
line when plotted as the logarithm of atomic per cent of zirconium against 
the reciprocal of the absolute temperature. The points at 673° C., and 
perhaps those at lower temperatures, are off the line by an amount 
exceeding the analytical error. Hither equilibrium had not been attained 
or crystals of the solid phase were unintentionally included. The sample 
taken from the solidified ingot gave results closer to the line than might 
have been expected. 


WILLIAM L. FINK AND L. A. WILLEY 73 


Taste 2.—Solubility of Zirconium in Liquid Aluminum 
Se eee ee ee 


First Sample Second Sample 
Te i ; : , 

Summple No. Bqulibrium, Zirconium, | Semple No. “Equiibnum, "| Zireonium, 
§-29395-1 974 1.89 S-29395-2 972 1.86 
S-29395-3 944 1.64 $-29395-4 946 1.59 
S-29395-5 921 1.34 S-29395-6 921 1.29 
S-29395-7 895 1.08 S-29395-8 895 1.06 
$-29395-9 871 0.89 8-29395-10 870 0.87 
$-29395-11 846 0573 §-29395-12 848 0.73 
§-29395-13 819 0.57 8-29395-14 819 0.56 
S-29395-15 796 0.46 8-29395-16 796 0.45 
8-29395-17 HEN 0.37 S-29395-18 771 0.36 
S-29395-19 747 0.30 S-29395-20 748 0.28 
S-29395-21 720 0.26 S-29395-22 722 0.23 
8-29395-23 697 Osi §-29395-24 698 0.18 
8-29395-25 673 0.20 §-29395-26 674 0.17 
§-29395-27 662 0.14 S-29395-28 663 0.14 
S-29395-29 660.5 0.138 Sample from surface of solidified ingot 


SoLip SOLUBILITY 


The solid solubility was determined by both electrical resistivity 
measurements and metallographic examination. 

The ingots previously described were given a homogenizing treatment 
at 630° C. for 100 hr. and were quenched in cold water. They were then 
cold-rolled from 20.0 mm. to 6.5 mm. in thickness. The slabs were heat- 
treated for 136 hr. at 475° C., to obtain a finely divided precipitate. 
They were then cooled in air at room temperature and cold-rolled to 
sheet 1 mm. thick. Specimens 13 mm. wide and approximately 500 
mm. long were cut from the sheet for the electrical resistivity measure- 
ments. Specimens 20 by 25 mm. were cut from the sheet for micro- 
scopic examination. 

The heat-treatment of all the specimens was earried out in an alumi- 
num block (10 cm. inside dia., 20 em. outside dia. and 53 cm. long) in a 
Leeds and Northrup homo furnace. The variation in temperature with 
respect to position in the block or with respect to time did not exceed 
+1°C. The heat-treatments of the specimen are listed in Table 3. 

The electrical resistivity determinations were made by comparing 
the drop in potential across a known length of the specimen to that 
across a 0.001-ohm standard resistance while the same current was flowing 
through them in series. The potential measurements were made with a 
Leeds and Northrup type K potentiometer while the specimens were kept 
at a constant temperature of 25° C. in a thermostatically controlled oil 
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TABLE 3.—Heat-treatments for Determination of (Al)-phase Limits 


Resistivity Specimens? Metallographic Specimens? 
Heat-treating Quenched in Cold Water and Resistivity Specimens Quenched 
Temperature, | Determined after Total Time at Temperature, Hr. Ti in Cold Water 
Deg. C. ime at 
Tempera- 
First Second hime Saco Grou Marked 
Determination Determination No. 
475 40 84 89 
500 70 116 118 1 500 
550 45 67 69 2 550 
600 45 45 3 600 
640 21 43 21 4 640-1 
646 45 5 640-45 


eS) ee eee ee ee eee 

2 Only one set of resistivity specimens was used and the heat-treatments were 
carried out consecutively in the order given. Two to three hours time was required 
for the determination of resistivity. The specimens were withheld from the furnace 
for that length of time only. 

> All five groups of metallographic specimens were placed in the furnace at the 
beginning and each group received all treatments previous to the time of quenching. 
The time required to change from one temperature to another was from two to 
three hours. 


bath. The results of the electrical resistivity determinations after the 
final heat-treatment at each temperature, except at 475° C., are shown 
in Fig. 2. The treatment at 475° C. was merely for the purpose of 
obtaining the maximum number of small precipitate particles to facilitate 
the attainment of equilibrium at higher temperatures. 

Equilibrium was closely approached at 500° C. and above except for 
three alloys just above the solid solubility limit at 500° and 550° C. 
The attainment of equilibrium was shown by constancy of resistivity 
with continued heating. 

Another check on the attainment of equilibrium was obtained by 
plotting the solubility limit of zirconium as the logarithm of atomic per 
cent against the reciprocal of the absolute temperature as shown in Fig. 3. 
Plotted in this manner, the points fall on a straight line except that the 
point at 500° C. falls slightly off the line. It is probable that equilibrium 
was not quite attained at 500° C. and the solubility limit should be nearer 
0.044 weight per cent than 0.050, as shown by the resistivity concentra- 
tion curves. 

The microscopic examination of the heat-treated and quenched 
specimens gave results in complete agreement with those obtained 
by electrical resistivity determination. The solid solubility limits 
determined by both methods are: 0.050, 0.084, 0.15, 0.23 per cent Zr 
by weight (0.015, 0.025, 0.045, 0.068 atomic per cent) at 500°, 550°, 600° 
and 640° C., respectively. 
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fe) 0.1 0.2 0.3 
ZIRCONIUM, ATOMIC PER CENT 
Fig. 2.—ELECTRICAL RESISTIVITY-CONCENTRATION CURVES. 
® Electrical resistivity of alloys heat-treated at 500° C. and quenched. 
* Electrical resistivity of alloys heat-treated at 550° C. and quenched. 
© Electrical resistivity of alloys heat-treated at 600° C. and quenched. 
5 Electrical resistivity of alloys heat-treated at 640° C. and quenched. 
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Fic. 3.—So.uBILITy OF ZIRCONIUM IN SOLID ALUMINUM. 
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QrRUCTURE OF ALUMINUM-RICH ALUMINUM-ZIRCONIUM ALLOYS 


Alloys containing 0.10, 0.13 and 0.19 per cent Zr showed precipitate 
particles of a(Al-Zr) both at the grain boundaries and within the grains 
after heat-treatment at 500° C. Fig. 4 shows the structure of an alloy 


Fig. 4.—ALLOY CONTAINING 0.13 PER CENT ZR (8-313839-500—21248D). X 500. 
Specimen heat-treated 89 hr. at 475° C., 118 hr. at 500° C. and quenched in cold 
water. Etched with 0.5 per cent HF. 
Shows the a(Al-Zr) constituent precipitated from solid solution. 
Via. 5.—ALLoy CONTAINING 0.87 PER CENT ZR (S-31346-640-45—21249D). > 500. 
Specimen heat-treated 89 hr. at 475° C., 118 hr. at 500° C., 69 hr. at 550° C., 45 hr. 
at 600° C., 45 hr. at 640° C. and quenched in cold water. Etched with 0.5 per cent HF. 
Shows coalesced particles of the a(Al-Zr) constituent in the aluminum solid 
solution matrix. 
Fic. 6.—ALLOY CONTAINING 2.06 PER cENT ZR (S-32609—21250D). X 100. 
Specimen chill cast in a cold graphite mold. 
Shows the primary a(Al-Zr) constituent in the chill-cast alloy. 
Fic. 7.—PRIMARY CRYSTAL OF THE a(AL-Zr) constiruENT (S-31745—20501D). 
15, 
Specimen separated from aluminum solid solution with 10 per cent NaOH solution. 
Shows form of the a(Al-Zr) constituent that occurs in aluminum-rich aluminum- 
zirconium alloys. 
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containing 0.13 per cent Zr after a final heat-treatment at 500° C. These 
heat-treated alloys containing 0.28 per cent or more of zirconium showed 
primary particles of a(Al-Zr). Fig. 5 shows the structure of an alloy 
containing 0.87 per cent Zr after a final heat-treatment at 640° C. The 
primary constituent has a needle-like appearance in a polished section of 
a cast alloy. Fig. 6 shows the structure of a chill-cast alloy containing 
2.06 per cent Zr. Chemical separation of the constituent particles from 
the aluminum solid solution matrix (vide infra) revealed that they are 
very thin tabular crystals. A macrograph of one of these separated 
crystals is shown in Fig. 7. 

Etching Characteristics—The constituent appears light gray in the 
as-polished condition. None of the standard etching reagents’? commonly 
used for the identification of constituents in aluminum alloys cause 
any alteration in the constituent. The constituent is, however, outlined 


Fic. 8.—DEBYE-SCHERRER PATTERN OF a(AL-Zr). 


when etched with solutions containing 0.5 per cent HeF2, 25 per cent 
HNO; at 70° C., 10 per cent NaOH at 70° C., and with a solution contain- 
ing 0.5 per cent H2Fs, 1.5 per cent HCl and 2.5 per cent HNOs. 


Tue INTERMETALLIC COMPOUND 


Crystals of a(Al-Zr) were highly concentrated in the bottom section 
of the ingot that remained after the determination of the liquid solubility. 
A section from the bottom of this ingot was used for separation of these 
crystals. The sample was immersed in a 5 per cent NaOH solution, 
which dissolved the matrix but did not dissolve or attack the crystals of 
a(Al-Zr). Large, clean, well-developed crystals were selected under the 
microscope from the residue and analyzed for zirconium. The chemical 
analyses showed 52.5 and 53.3 per cent Zr by weight, which agrees closely 
with the zirconium content of Al;Zr (53.0 per cent). 

It is highly desirable to obtain a definite identification of the phases in 
alloy systems by preparing powder patterns. Fig. 8 shows the pattern 
of a(Al-Zr) taken with unfiltered CuK radiation. The particle size of 
the sample was so large that the lines are somewhat spotty. However, 
the pattern is adequate for identification of the compound. 
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As shown by the Laue pattern and its gnomonic projection, Fig. 9, 
the crystals of a(Al-Zr) are tetragonal, with an axial ratio of approxi- 
mately 1.16 if the gnomonic net has been properly selected. No attempt 
has been made to determine the arrangement of atoms in the crystal. 


CONCLUSIONS 


The aluminum end of the aluminum-zirconium system has been 
investigated using high-purity alloys containing from 0 to approximately 


Fic. 9.—LAUE PATTERN OF PRIMARY CRYSTAL OF a(AL-ZR) AND ITS GNOMONIC PRO- 
JECTION, 

2 per cent Zr. The equilibrium relations are summarized in the diagram 
of Fig. 10. A peritectic occurs at 660.5° C. between the melt containing 
0.11 per cent Zr and a(Al-Zr) to form solid solution containing 0.28 per 
cent Zr. As the temperature decreases, the solid solubility decreases 
from 0.28 per cent Zr at the peritectic temperature to approximately 
0.05 per cent at 500° C. 

The zirconium-rich constituent a(Al-Zr) consists of very stable 
tabular tetragonal crystals, which are not discolored or attacked by 
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ordinary etching reagents. Chemical analysis has shown that a(Al-Zr) 
has a composition corresponding to the formula Al,Zr. 
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® From solubility determinations. 
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x From microscopic examination, aluminum solid solution + a(Al-Zr). 
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Solubility of Lead and Bismuth in Liquid Aluminum 
and Aluminum-copper Alloys 


By L. W. Kempr* anp K. R. Van Horn,* Mempers A.I.M.E. 
(Detroit Meeting, October, 1938) 


Dvrine the recent development of aluminum alloys for free-cutting 
screw-machine rod, it became desirable to know something of the solubility 
of lead and bismuth in liquid aluminum and in some aluminum alloys. 
The literature is not particularly helpful in supplying this information. 
These portions, therefore, of the constitutional relationships of aluminum- 
bismuth and aluminum-lead alloys were investigated by thermal analysis 
and by chemical analysis of samples taken from aluminum-rich melts in 
equilibrium with precipitated lead or bismuth. The solubility of lead 
and bismuth in some liquid aluminum-copper alloys was also investi- 
gated. Some consideration was also given to the solubility of these 
elements in solid aluminum. 

Among the earliest investigators of the aluminum-lead and aluminum- 
bismuth systems was Wright,! who reported that melts of aluminum and 
lead formed two layers indicating limited liquid solubility. Under his 
conditions, the aluminum-rich layer was reported to contain 1.91 per cent 
Pb and the lead-rich layer, 0.07 per cent Al. Subsequently, Pecheau? 
found that in aluminum-rich alloy melts with more than 10 per cent Pb 
three layers were distinguishable. He reported that the middle layer 
contained from 3 to 10 per cent Pb. He also found that the melting 
point of aluminum appeared to be lowered slightly by the addition of 
lead. Gwyer? investigated these alloys and found evidence of a slight 
lowering of the freezing point of aluminum by the addition of either lead 
or bismuth. He found no evidence of solid solubility in either case and 
made no attempt to determine the liquidus curves. Hansen and Blumen- 
thal‘ reported that the addition of lead distinctly lowered the solidifica- 
tion point of aluminum. They also found that bismuth lowered the 
melting point of aluminum. Guillet’ reported almost complete mutual 
immiscibility for the aluminum-bismuth alloys in the liquid state. 
Bohner® examined the effect of various concentrations of lead and bis- 
muth on the electrical conductivity of aluminum. He found decreases 
in conductivity on annealing at 500° C. as compared with the conductivity 
of the same alloys on annealing at 300° C. 


Manuscript received at the office of the Institute June 30, 1938. Issued as T. P. 
990 in Mrrats TecunoLtoey, December, 1938. 
* Aluminum Research Laboratories, Aluminum Co. of America, Cleveland, Ohio. 
1 References are at the end of the paper. 
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PREPARATION AND CHEMICAL ANALYSIS OF ALLOYS 


Electrolytically refined aluminum’ and refined bismuth (99.993 per 
cent) were used in the preparation of the alloys for this investigation. 
Spectroscopically pure (99.9999 per cent) lead was used for the solidus 
determinations of the aluminum-lead alloys. Lead of somewhat lower 
purity was used in the solubility determinations. The analyses of the alloys 
are given in Tables 1 to 7, inclusive. As indicated in these tables, some 
contamination from silicon occurred in melts containing high concentra- 
tions of lead or bismuth, which necessitated high melting temperatures. 
For thermal analysis, sufficient aluminum for 200 to 500 grams of alloy 
was melted in small fire-clay, plumbago, or silicon carbide crucibles about 
8 cm. in diameter by 13 em. deep. Carbon crucibles about 4.8 cm. in 
diameter by about 9.7 cm. deep were used in solidus determinations. 
After the aluminum was melted, the lead or bismuth was added and the 
melt brought up to a temperature estimated to be well above the solu- 
bility temperature of the alloy concentration concerned. The melt was 
held for approximately 30 min. with constant agitation. A sample for 
chemical analysis was poured from the crucible into a cold iron mold, 
which gave a casting of about 75 by 40 by 5mm. The mold is designed 
so that the 40-mm. dimension is in a vertical plane. 

The melts used for determining the solubility by analyzing samples 
taken from the melt in equilibrium with the precipitated metal weighed 
13 to 23 kg. The aluminum-lead alloys were melted in plumbago cruci- 
bles about 25.4 cm. in diameter by 35.6 em. high. The aluminum-bis- 
muth alloys could not be melted in plumbago crucibles because of the 
attack by the bismuth; they were melted in silicon carbide crucibles of 
about the same size as the plumbago crucibles. 

Chemical Analysis.—The chemical analyses were obtained on drillings 
from the chill-cast slab and examination was made of the tendency of the 
alloys to segregate in this type of casting. The composition was found 
to be satisfactorily uniform in the lower three-fourths of the casting. 
There was a slight tendency for the surface to be somewhat low in alloy 
content. Samples were obtained by drilling all the way through the 
casting throughout the lower three-fourths of the specimen. The drillings 
were carefully mixed and subdivided in obtaining the analysis sample. 


THERMAL ANALYSIS 


Most of the cooling curves were determined with 500-gram melts, 
utilizing the relatively thick-walled plumbago or silicon carbide cruci- 
bles. The cooling rate varied somewhat with the concentration of 
lead or bismuth in the alloy between about 2° and 5° C. per 
minute. Temperatures were determined with 22-gauge chromel-alumel 
thermocouples and a precision potentiometer. The thermocouples were 
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standardized against the freezing point of pure aluminum before each 
run. In some cases they were standardized after the run as well. The 


TaBLE 1.—Chemical Analyses and Thermal Points of 


Aluminum-lead Alloys 
Sc SE ee i a la 


e 


Chemical Analyses, Per Cent 
Primary Point, 
Lead | C Sili Ir Zi Ti Bi Anti- ns 
ea opper ilicon ron ine in ismuth Seiwa 
0.99 
1.52 
i240) 673 
1.75 674 
Para i 699 
3.15 752 
3.16 750.5 
3.75 776 
4.27 0.02 0.08 0.02 0.00 0.00 0.00 0.05 794 
4.27 794 
6.43 0.02 0.03 0.03 0.00 0.05 0.00 0.04 861.5 
7.07 883 
8.70 0.27 0.10 917 
9.63 0.02 0.35 0.02 0.00 0.11 0.00 0.02 950 
3.00 0.01 0.01 0.02 0.00 0.00 0.00 0.07 658.65? 
6.73 0.02 0.02 0.03 0.00 0.00 0.00 0.04 658. 502 
3.97 0.01 0.00 0.01 0.00 0.00 0.00 0.06 658.402 


2 Aluminum solidification points. 


TaBLE 2.—Composition of Aluminum-lead Solubility Samples 
from Settling Experiment 


Temperature of 


Composition, Per Cent 


Equilibrium, 
Deg. C. Lead Copper | Silicon Tron Zine Tin 
1,038 14.75 
984 12.33 
958 12.18 
927 11.50 0.25 
898 8.54 
867 7.02 
844.5 5.85 
814 4.87 
782 3.82 
764.5 3.47 
732 2.80 0.03 0.01 0.02 0.30 0.00 
710 2.29 
673 1.92 


. Anti- 
Bismuth Oke 
0.00 0.02 
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maximum difference observed in the thermocouples before and after 
a run was about 0.015 mv. This procedure gave satisfactory although 
weak points, indicating the heat evolved on passing from the field of one 
to two liquid layers. 

The cooling curves determined by the technique just described were 
not considered satisfactory in the region of the aluminum-rich solidus. 
The changes in direction of the curves were not sharp, therefore it was 
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Fie. 1.—ConstituTIONAL RELATIONSHIPS IN ALUMINUM-LEAD ALLOYS. 


difficult to deduce from them the temperature of solidification of the 
aluminum-rich liquid. Although the primary purpose of the investiga- 
tion was the determination of the liquid solubility of lead and bismuth 
in aluminum, it appeared desirable to determine with greater accuracy 
the temperature of solidification of the aluminum-rich liquid in the two 
systems. It having been suggested that solidification might be taking 
place near the walls of the crucibles appreciably before the central portion 
was frozen, the shape and material of the crucible was changed. Rela- 
tively thin-walled carbon crucibles with a higher ratio of diameter to 
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height were used. These crucibles were also fitted with covers and had a 
capacity of about 200 grams of metal as compared with the 500 grams 
of the larger crucibles. The other equipment was the same as described 
in the foregoing. With the revised technique, sharp breaks were obtained 
at the solidus points and the solidification temperature of aluminum was 
found to be lowered about 1.5° C. by the addition of lead and about 
2.9° C. by the addition of bismuth. The results of the thermal analyses 
are given in Tables 1, 3 and 6 and are plotted in Figs. 1, 2 and 3. 


O Value from thermal analysis. 
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Fic. 2.—CoNSTITUTIONAL RELATIONSHIPS IN ALUMINUM-BISMUTH ALLOYS. 


SOLUBILITY BY CHEMICAL ANALYSIS 


The smallness of the heat evolutions in the thermal analyses tended 
to decrease the accuracy of the results and, since there was some question 
of the amount of possible undercooling, it was decided to attempt to 
determine the solubility curves by means of chemical analyses of samples 
taken at specific temperatures from aluminum-rich melts in equilibrium 
with precipitated lead-rich or bismuth-rich melts. A typical procedure 
followed in making these determinations for the aluminum-lead and 
aluminum-bismuth systems will be described. 

A quantity of high-purity aluminum weighing 13.6 kg. was melted 
in a plumbago crucible and heated to 1050° C., at which temperature 
2.39 kg. of lead was added and the charge was stirred vigorously and 
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continuously until the temperature had again reached 1050° C. Analysis 
samples were taken and the crucible containing the charge was then 
transferred to an electric resistor furnace preheated to about 1050° C. 
The temperature controls of the electric furnace were set at 1000° C. 
After the charge had stood without disturbance for about an hour, the 
temperature of the melt near the surface was taken with a bare stand- 
ardized chromel-alumel couple and samples for chemical analysis were 
carefully taken from the surface of the melt with a preheated ladle. 


Binary Al-Pb solubility curve 
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Fic. 3.—SoLUBILITY OF LEAD IN AN ALUMINUM ALLOY CONTAINING 5.3 PER CENT Cu. 


The temperature control of the electric furnace was then adjusted to 
allow a temperature drop of about 25°C. This temperature drop occurred 
in about 30 min. The charge was then held for about 2 hr. at this tem- 
perature and samples for analysis again carefully taken with as little 
disturbance of the melt as possible. This was repeated at successively 
lower intervals of 25° C., until the solidification point of the aluminum 
was almost reached. The melt was finally allowed to solidify and drill- 
ings were taken from the top center portion of the solidified regulus. All 
the samples were then chemically analyzed for lead and bismuth. The 
impurity content was checked as well. Preliminary experiments had 
indicated that equilibrium between the lead or bismuth and aluminum 
was quickly attained on the reduction of the temperature. The large 
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difference in specific gravity between the lead and bismuth and aluminum 
was probably responsible for the relatively quick and complete settling 


TABLE 3.—Chemical Analyses and Thermal Points of 
Aluminum-bismuth Alloys 


ee ee ee ek ee 


Composition, Per Cent 
Primary Point, 

Bismuth Copper Silicon Tron Deg. C. 
1.13 

2.00 

3.40 

3.41 

3.44 

3.56 

4.41 0.02 0.01 0.02 685 
pee 702 
6.23 0.02 0.01 0.02 725 
6.66 (a) 
6.84 738 
7.94 762.4 
8.81 782 
9.36 789 
9.80 795.5 
10.77 0.03 0.03 0.01 810 
4.84 0.01 0.01 0.02 657, 1¢ 
8.18 0.01 0.01 0.02 657. 1¢ 
5.05 0.00 0.01 0.00 657.22 


2 Aluminum solidification point. 


TaBLe 4.—Composition of Aluminum-bismuth Solubility Samples 
from Settling Experiment 


Temperature of 
Equilibrium, Deg. C. 


931 
877 
818 
764 
737 
714 
710.5 
690.5 
679 


Solid sample surface drillings 


Composition, Per Cent 


Bismuth 


Copper 


Silicon 


0.00 


0.23 


0.24 


Tron 


0.04 


out of the precipitated alloy. The results of these determinations are 
given in Tables 2, 4 and 5 and are plotted in Figs. 1, 2 and 4. 
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SoLip SOLUBILITIES 


The relatively high solubility of lead and bismuth in liquid aluminum 
at the freezing point suggested consideration of the solid solubility of 
these elements in aluminum. The aluminum-lead alloys were cast as 
ingots of about 3.8 by 17.8 by 20.3 cm. The castings were radiographed 
to insure ingots with uniform distribution of any undissolved constituents, 
after which the ingots were sectioned into four parts, 3.8 by 8.9 by 10.2 


Binary AI-Bi solubility curve 
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Fic. 4.—So.LuBILity OF BISMUTH IN AN Te ALLOY CONTAINING 5.65 PER CENT 
cm., and the soundest section was cold-rolled to 0.95-cm. slab. The 
0.95-em. slabs, together with a similar slab of high-purity aluminum, 
were heated at 300° C. for 68 hr. and then cold-rolled to 18-gauge sheet. 
Specimens of sheet 0.95 by 50.8 cm. were prepared for investigation of 
the electrical resistivity as described by Fink and Willey.’ The results 
of these determinations are given in Table 7 and are plotted in Fig. 5. 
A series of nine aluminum-bismuth alloys ranging from 0.24 to 4.07 per 
cent Bi were also similarly prepared in the form of 18-gauge sheet. 
Electrical resistivity measurements were not made on these alloys, how- 
ever, since preliminary microscopic examination of the entire series after 
heating 388 hr. at 625° C. followed by 48 hr. at 650° C. revealed definite 
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evidence of bismuth out of solution in all specimens. A similar micro- 
scopic examination of the resistivity specimens also showed the lead to 
be out of solution in all alloys after heat-treatment at 610° C. for 19 hr. 
followed by heating for 89 hr. at 637° C. 


Discussion oF RESULTS 


These data indicate that the solubility of lead in liquid aluminum at 
the freezing point is about 1.52 per cent by weight and that this solubility 
increases with temperature to about 14.75 per cent at 1038° C. Similarly, 
the liquid solubility of the bismuth varies from about 3.36 per cent at the 


& 
12) 


@ Heat treated 17 hours at 637°C. and quenched 

X Heat treated IS hours at 610°C. and quenched 

O Heat treated IS hours at 587°C. and quenched 

A As fabricated. (Annealed 68 hours at 300°C 
and cold rolled.) 
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Fic. 5.—ELECTRICAL RESISTIVITY OF ALUMINUM-LEAD ALLOYS AS AFFECTED BY HEAT- 
TREATMENT. 


freezing point of aluminum to about 15.19 per cent at 877° C. The freez- 
ing point of pure aluminum is lowered a maximum of 1.5° C. by the addi- 
tion of lead and 2.9° C. by the addition of bismuth. 

Utilizing Fink and Freche’s® methods, the thermal data were plotted 
with the log of atomic concentration of the alloying element as one coor- 
dinate against the reciprocal of the absolute temperature. For the 
aluminum-bismuth system, the data, with the exception of one point 
at a low concentration of bismuth, lay along a straight line with a maxi- 
mum deviation along the temperature axis of 3° C. and 0.2 per cent by 
weight of bismuth along the concentration axis. The average deviation 
of the data was far smaller than this. The data for the aluminum-lead 
alloys likewise fell satisfactorily along a straight line. The maximum 
deviation of the lead determinations from a straight line was somewhat 
greater than for bismuth, but the average deviation was of the same 
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order of magnitude. The results for the solubility by chemical analysis 
show considerably more scatter, particularly in the regions of high alloy 
concentration, than the results of a thermal analysis. In the lower por- 
tions of the aluminum-lead curve, the determinations of the solubility 
method lie somewhat above the curve obtained by thermal analyses. 
This suggests undercooling, which was disregarded in constructing the 
solubility curve, inasmuch as in the higher concentrations the solu- 


TaBLE 5.—Composition of Aluminum-bismuth-copper Solubility 
Samples from Settling Experiment 


Composition, Per Cent 
Temperature of 


Equilibrium, Deg. C. 
Bismuth Copper Silicon Iron 
761 7.32 5.56 0.02 0.02 
729 5.62 5.74 
713 4.97 5.82 
678 4.15 5.90 
671 3.59 5.98 
654 3.09 5.81 


TaBLE 6.—Chemical Analysis and Thermal Points of 
Aluminum-lead-copper Alloys 


Composition, Per Cent Thermal Points, Deg. C. 


Lead Copper Silicon Iron Primary Second Becse pes 


1.46 5.32 665.7 646.7 545.5 
2.052 5.322 0.02 0.012 708? 646.7% 545.0 
3.04 5.32 753 646.7 545.3 
4.10 5.35 802.5 646.7 544.8 


* Zine, 0.00 per cent; tin, 0.01; bismuth, 0.00; antimony, 0.06. 


bility-by-analysis values tend to fall below the values determined by 
thermal analysis. 

It is believed that, in general, the curves determined by the data on 
thermal analysis are somewhat the more reliable, particularly since the 
alloys utilized in this method were of somewhat higher purity and the 
results exhibit a higher degree of consistency. The solubility curves are 
extended, however, beyond the regions determined by thermal analysis 
to the higher concentrations utilized in solubility determinations accord- 


; i. ‘ 
ing to the extrapolated p log x’ curves, inasmuch as these curves 


appear to be reasonable loci of the solubility points even in the higher 
concentrations of alloy. 
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Substituting the values for the lowering of the freezing point of the 
aluminum by lead or bismuth in the lowering of the freezing-point equa- 
tion in Fink and Freche’s paper,’ and assuming a solid solubility of 
0.1 per cent of each element in aluminum, the calculated solubility of 
lead in aluminum at the freezing point is about 1.7 per cent by weight. 
This is probably within the investigational error of the value deter- 
mined experimentally (1.52 per cent Pb). The solubility of bismuth 
in aluminum at the freezing point is calculated to be 3.3 per cent by 


TaBLE 7.—Electrical Resistivity of Aluminum-lead Alloys 


Heat-treatment 


Lead, Per Cent 68 Hr. at 300° C.5 | 19 Hr. at 587° C. | 19 Hr. at 610° C. | 17 Hr. at 637° C, 


Electrical Resistivity, Microhms per Cu. Cm. 


0 2.7427 2.7369 2.7390 2.7401 
On1g2 2.7546 2.7588 2.7591 2.7668 
0.53 2.7522 2.7558 2.7592 2.7669 
0.99 2.7586 2.7633 2.7650 2.7746 
1.50 2.7531 2.7506 2.7531 2.7634 
197 2.7563 2.7573 2.7576 2.7667 


* Copper, 0.02 per cent; silicon, 0.01; iron, 0.02; zinc, 0.02; tin, 0.00; bismuth, 
0.00 and antimony, 0.02. 

’ Cooled in air at room temperature and cold-rolled approximately 90 per cent 
reduction. 


weight. This is in satisfactory agreement with the value 3.36 deter- 
mined experimentally. 

It may be quite reliably assumed that both lead and bismuth are 
slightly soluble in solid aluminum but probably not to an extent greater 
than 0.2 per cent at the melting point of aluminum. The solubility 
apparently decreases with temperature. The data on the aluminum- 
copper-lead and aluminum-copper-bismuth alloys indicate both lead 
and bismuth to be slightly less soluble in aluminum containing about 
5 per cent Cu thanin pure aluminum. This decrease in solubility appears 
to be independent of the temperature in the ranges investigated and 
amounts to about 0.3 per cent for lead and about 0.6 per cent for bismuth 
(Figs. 3 and 4). 


SUMMARY 


1. The solubility of lead in liquid aluminum has been determined to 
be about 1.52 per cent at the freezing point of aluminum and to increase 
continuously with temperature to about 14.75 per cent Pb at 1038° C. 
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2. The solubility of bismuth in liquid aluminum has been determined 
to be about 3.36 per cent at the freezing point of aluminum and to increase 
with temperature to about 15.19 per cent at 877° C. 

3. The freezing point of aluminum (660° C.) is lowered by the presence 
of lead to a minimum of 658.5° C. and by the presence of bismuth to 
657.1° C. 

4. The solubilities of lead and bismuth in solid aluminum have been 
found to be not more than about 0.2 per cent by weight, respectively, at 
the melting point of aluminum, and to decrease with temperature. 

5. The solubilities of lead and bismuth in liquid aluminum are 
decreased slightly by the presence in the alloys of about 5 per cent Cu. 
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DISCUSSION 


(C. S. Barrett presiding) 


G. Epmunps,* Palmerton, Pa. (written discussion).—The higher lead and bismuth 
liquidus composition results determined by direct sampling of the melt, as compared 
to data obtained by thermal analysis, are contrary to general experience and lead one 
immediately to question the validity of the procedure used by Kempf and Van Horn. 

In general, the determination of a liquidus point by direct sampling of the melt 
tends to place the point for any given composition at a higher temperature than the 
corresponding value as determined by a cooling curve. This is because the direct 
sampling can be done while the melt is at equilibrium; whereas the determination 
by the cooling-curve method depends upon a heat evolution, the temperature of which 
may be, and often is, significantly depressed. 

The authors seem to have used a reasonable procedure in bringing their melts 
for the settling experiments to equilibrium. Proof of this, however, should have 
been obtained, for example, by the analysis of a second sample taken after the melt 
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had stood for a further period at constant temperature. Failure to have reached 
equilibrium when approaching it, as in this case, from higher temperatures would 
have resulted in error in the direction of the observed difference between the results 
of cooling-curve and settling-method determinations. 

The authors state that “After the charge had stood without disturbance for about 
an hour . . . samples for chemical analysis were carefully taken from the surface of 
the melt with a preheated ladle.’”’ One must presume the metal for analysis was 
poured from the ladle into an iron mold and the sample obtained on drillings in the 
same manner as is described on the second page of the paper. There it is pointed 
out that segregation occurred and that only drillings from the bottom three-fourths 
of the slab were used for analysis. This procedure would obviously yield results high 
in lead or bismuth, corresponding to the observed differences between the cooling- 
curve and settling-method data. Low results are possible due to segregation in the 
ladle if during transfer the metal cools and not all of it is cast, but this may be beside 
the point since the authors seem not to have been troubled with low lead or bismuth 
results. A simple way of avoiding errors due to segregation is to dissolve the entire 
sample and to analyze an aliquot. 

A number of liquidus determinations have been made by direct sampling of melts 
of zine alloys in the laboratory of The New Jersey Zine Co. In these the entire 
sample has been used for analysis. Equilibrium has in many cases been approached 
from both supersaturated and undersaturated melts and results that check within the 
combined limits of temperature control and analytical error are consistently obtained. 
Nearly all of the liquidus points thus obtained have been found to lie at higher 
temperatures than corresponding points determined by cooling curves and to lie 
along straight lines when plotted as log of atomic concentration versus reciprocal 
of absolute temperature. 

The sampling procedure used on zine alloys has not always been the same, but a 
highly satisfactory one has been to break a teat from an evacuated Pyrex or silica 
bulb beneath the surface of the melt, the sample being sucked into the evacuated 
bulb. The bulbs used are of such a size as to contain an amount of alloy suitable 
for analysis. The sampling bulbs are placed in the melt long enough before sampling 
to insure their not needlessly disturbing the melt or its temperature. For metals in 
which Pyrex or silica would not be useful, the sample could well be drawn into a 
pipette made from graphite or other suitable material by much the same method. 
By having the opening through which the metal enters, when the teat is broken, at 
the top of the bulb no loss of sample will occur during removal of the bulb from the 
melt. The sample may be drawn into the bulb by partial vacuum in an attached tube, 
thus avoiding the necessity for employing a material that will hold a high vacuum. 


L. W. Kemer anv K. R. Van Horn (written discussion) —Mr, Edmunds questions 
the construction of the liquid-solubility curves with points determined by thermal 
analysis rather than those obtained by the direct sampling of the melt. He states 
that our direct sampling values occur at a lower temperature for a given composition 
than corresponding thermal-analysis values, whereas the reverse would be expected. 
We should like to point out that in the lower composition range of the aluminum-lead 
and the aluminum-bismuth liquid-solubility curves, the direct sampling values lie 
somewhat above the curve established by thermal-analysis data. Mr. Edmunds 
probably refers to only a few direct sampling values of higher lead composition in the 
aluminum-lead diagram. Experimental procedures with the sampling method became 
relatively difficult at these concentrations and temperatures with a considerably higher 
probable error in the results. Higher values of the solubility by chemical analysis 
than are obtained by thermal analysis for any particular composition suggest under- 
cooling of the melts in the thermal determinations, and must be given consideration, 
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although no evidence of undercooling could be noted in the thermal data. It is 
doubtful whether the difference between the two sets of results in the lower range of 
concentration and temperature is greater than the experimental error. We preferred 
the thermal data because of the higher degree of purity of the alloys used in this phase 
of the work. 

Mr. Edmunds suggests that the reason some of our values determined by direct 
sampling contain higher lead or bismuth than those determined by thermal analysis 
for a given temperature is that the melts were not held for a sufficiently long time at 
temperature before samples were taken. The space allotted for publication did not 
permit a description of the preliminary experiments necessary to establish a satis- 
factory procedure for the solubility by chemical analysis method. Tests at different 
temperatures holding the melt for various periods of time from 1 to 10 hr. showed no 
variations in concentration after holding for a period of at least one hour. Conse- 
quently, a procedure of slowly attaining a given temperature and a holding time of one 
hour was established for all direct sampling determinations of aluminum-lead and 
aluminum-bismuth alloys. The large difference in specific gravity between lead and 
bismuth and aluminum is probably responsible for the relatively quick and complete 
settling out of the precipitated alloy. 

The paper describes the manner in which the chemical analysis slab was taken for 
any composition. As segregation occurred, only drillings from the bottom three- 
fourths of the slab were used for chemical analysis. Mr. Edmunds questions this 
procedure and suggests that this may be the source of the high values for lead and 
bismuth solubility obtained by the direct sampling of certain alloys. Inasmuch as 
the same method of chemical sectioning and analysis was employed for both thermal 
and the direct sampling specimens, all the results would be subject to the same error. 
It is difficult to explain, on the basis of Mr. Edmunds’ suggestion, why the majority 
of the values determined by the sampling method have a lower lead or bismuth content 
for a given temperature than corresponding thermal data. Mr. Edmunds prefers the 
procedure of dissolving the entire sample and analyzing an aliquot. The aliquot 
method is also subject to errors, and it is a matter of opinion as to which method might 
yield the most satisfactory results. 


Age-hardening of Duralumin 


By Morris Conen,* Junrorn Mremper A.I.M.RE. 
(Detroit Meeting, October, 1938) 


WirHIn the past two years, a number of publications have called 
attention to the double peaks, or stages, that appear in the hardness and 
strength curves of certain aging alloys. The author has shown the 
existence of double hardness peaks during the aging of a high-purity 
silver-copper alloy;! and on the basis of electrical resistance, microscopic, 
dilation and lattice-parameter measurements, he concluded that the 
initial hardness peak occurs prior to precipitation while the secondary 
hardening is due to precipitation. It was suggested that the general 
mechanism of age-hardening involves two consecutive processes, the first 
consisting of nucleus or knot? formation, and the second consisting of 
actual precipitation and particle growth. It was further held that the 
two stages are interdependent, but because of nonuniform precipitation 
they may overlap each other to an extent that increases as the aging 
temperature is raised. At high aging temperatures, the effect of the first 
stage cannot be detected because of the rapid occurrence of precipitation. 

The general theory of age-hardening recently presented by Dr. 
M. L. V. Gayler? is in close agreement with the picture outlined above. 
With reference to work done on duralumin, copper-beryllium and copper- 
silver alloys, Dr. Gayler also concluded that age-hardening takes place 
in two consecutive steps: first, diffusion Gin which the solute atoms 
migrate to certain crystallographic planes), and then precipitation. 

However, W. L. Fink and D. W. Smith* have shown that the double 
aging peaks that appear in the strength curves of high-purity aluminum- 
copper alloys may be explained without recourse to pre-precipitation 
phenomena. By means of very careful metallographic technique, Fink 
and Smith demonstrated that during aging the precipitation takes place 
at an accelerated rate along the grain boundaries and slip planes as a result 
of the plastic deformation caused by the drastic quench from the solution 
heat-treatment temperature.t The general precipitation occurs at a 


Manuscript received at the office of the Institute July 5, 1938. Issued as T.P. 978 
in Merats Tecunouoey, October, 1938. 

* Assistant Professor, Department of Metallurgy, Massachusetts Institute of 
Technology, Cambridge, Mass. 

1 References are at the end of the paper. 

+ This effect of quenching strains has been confirmed by G. Wassermann.® How- 
ever, the latter believes that the resultant plastic deformation is a process of twinning 
rather than translation, and that the accelerated precipitation takes place along 
twinning planes instead of slip planes. 
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considerably slower rate in regions that do not undergo such plastic 
deformation. Consequently, these investigators concluded that the first 
aging peak is due to rapid precipitation in the localized regions that have 
experienced plastic deformation during quenching, and that the secondary 
hardening is the result of the subsequent general precipitation. 

It is evident that the main difference of opinion between Dr. Gayler 
and the author, on the one hand, and Messrs. Fink and Smith, on the 
other, lies in the explanation of the initial hardening stage: 1e., pre- 
precipitation vs. localized precipitation. However, there need be no 
conflict between these two concepts in view of the fact that they are based 
on different alloys. Thus it may be argued that in some aging systems 
the initial hardening takes place prior to precipitation, while in others 
it is due to rapid localized precipitation. Furthermore, since the occur- 
rence of either phenomenon does not preclude the possibility of the other, 
it is quite conceivable that in some age-hardenable alloys both may take 
place in addition to the general precipitation. As a matter of fact, some 
preliminary work carried out by the author three years ago indicated that 
all three processes may actually occur in duralumin to a greater or less 
degree, depending on the aging temperature. 

Accordingly, the aging characteristics of a duralumin alloy were care- 
fully reinvestigated by means of hardness, electrical resistance, micro- 
scopic, dilation and lattice-parameter measurements during aging at 
five temperatures. The preliminary findings were confirmed, and it is 
believed that the results lead to a general picture of age-hardening in 
which nucleus formation, localized precipitation and general precipitation 
may play important roles. 


EXPERIMENTAL DETaAILs 


The duralumin used for this investigation was received in the form of 
34-in. rods, which had been extruded and then cold-drawn. The com- 
position of the alloy was found to be: copper, 4.19 per cent; magnesium, 
0.58; silicon, 0.14; manganese, 0.63; iron, 0.32; chromium, 0.08. 

Disks 4 in. thick were cut from the rods for the hardness, microscopic 
and X-ray studies. The dilatometer specimens consisted of rods % in. 
in diameter by 4 in. long, which were turned down from the original 
stock. ‘The specimens for the electrical resistance measurements were 
in the form of wires made by drawing one of the dilatometer rods down 
to approximately 0.025-in. diameter. 

Prior to aging all of the specimens were heated for 2 hr. at 515° 
+5° C. for the solution heat-treatment, and were then quenched in water 
at about 20° C. Aging studies were made at 30°, 65°, 100°, 150° and 
191°C, Anoil thermostat was used for the two lower aging temperatures, 
and oil baths heated by boiling liquids with suitable boiling points were 
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used for the three higher temperatures. The aging temperatures were 
controlled to +0.5° C. All of the measurements on the aging specimens 
except the dilation were carried out at room temperature. The aging 
was interrupted by quenching in water at suitable intervals for these 
measurements, and then the specimens were returned to aging baths 
until the time for the next measurements. The dilation runs were not 
interrupted because these measurements could be readily made while 
the specimens were at the aging temperatures. 

The hardness was measured with a Rockwell hardness testing machine 
using a 14¢-in. ball indentor and a load of 100 kg. (scale B). At least 
three determinations were made after each aging interval, and the 
hardness machine was checked before each set of readings with a stand- 
ard hardness block. 

The electrical resistance measurements were made in an oil thermostat 
at 25° C. with a Leeds and Northrup Kelvin bridge. The current and 
potential clamps were not removed from the specimens during the aging 
runs, so that changes in resistance of +0.05 per cent could be detected. 

The polishing and etching for the microscopic studies of aging speci- 
mens were performed with extreme care, in order to prevent surface flow 
and distortion of the structure. After trying a number of etching 
reagents, it was decided that the most satisfactory results were obtained 
with a 14 per cent hydrofluoric acid solution in water. The photo- 
micrographs were taken with a Zeiss Neophot. 

The dilation during aging was determined in a dilatometer described 
by the American Society for Testing Materials.° The changes in length 
could be measured to +0.00001 inch. 

The lattice-parameter measurements were made on surfaces that 
were polished prior to the solution heat-treatment. No further polishing 
or etching was done during the course of aging. A back-reflection camera 
and copper radiation were used. The camera and X-ray tube have been 
described by J. T. Norton? The experimental error was approxi- 
mately + 0.0002A. 


Discussion OF RESULTS 


The results of the hardness, electrical resistance, dilation and lattice- 
parameter measurements are plotted as aging curves in Figs. 1 to 5. 
The initial values given for each aging temperature are those obtained on 
the specimens as quenched from the solution heat-treatment. The 
principal changes in microstructure are shown in Figs. 7 to 10. 

The hardness curves indicate that the age-hardening of this duralumin 
alloy is basically a three-step process. At aging temperatures of 150° 
and 191° C., the three stages in the hardness curves are evident. Because 
of the lower rates of aging at 65° and 100° C., only the first two stages are 
observed within the duration of the tests, while at 30° C. only the first 
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stage is noted.* Further evidence of the consistent nature of this 
complex hardening process is given in Fig. 6, in which the reciprocal 
of the absolute aging temperature is plotted against the logarithm of 
the times required to attain the maximum hardness and also the begin- 
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Fig. 1—AGING CURVES OF DURALUMIN ALLOY AT 30° C. 


ning of each hardening stage. The four points representing the beginning 
of the second stage lie on a straight line. While only two points are 
available for each of the other stages, the straight lines drawn between 
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Fic. 2.—AGING CURVES OF DURALUMIN ALLOY AT 65° C, 


these points demonstrate a very consistent trend, and indicate that the 
three hardness stages are probably due to related, not independent, 
processes. It is interesting to note that if these lines are extrapolated 


* A single hardness run made at 250° C. showed only the last two stages, the 
aging being so rapid that the initial stage could not be detected. 
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back to lower temperatures, it may be determined that at room tempera- 
ture this duralumin alloy will reach the second hardness stage in about 
35 years, the third hardness stage in 100,000 years and maximum hard- 
ness in 10,000,000 years! 
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At all the aging temperatures studied, the initial hardening is accom- 
panied by a large increase in electrical resistance. The extent of this 
increase becomes greater at the lower aging temperatures, reaching a 
value 5.6 per cent above the quenched resistance on aging at 30°. The 
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Fig. 4.—AGING CURVES OF DURALUMIN ALLOY AT 150° C. 


hardness attained during the first stage also increases as the aging 
temperature islowered. It is believed that the large increase in resistance 
is indicative of the lattice distortion that results from the formation of 
nuclei within the supersaturated solid solution in preparation for the 


precipitation of CuAl:. 
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The dilation curves at 30° and 65° show an initial expansion and a 
subsequent contraction, both of which take place during the first harden- 
ing stage. The two effects seem to overlap and tend to mask each other. 
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Fig. 5.—AGING CURVES OF DURALUMIN ALLOY AT 191° C. 


As the aging temperature is raised these initial changes in length occur 
very rapidly. At 100°, the first expansion cannot be detected, and at 150° 
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even the contraction cannot be detected. These results are in close 
agreement with the curves published by I. Igarasi$ for a duralumin alloy 
containing copper 4.02, magnesium 0.76, silicon 0.69, manganese 0.32, and 
iron 0.85 per cent. The real significance of the expansion is open to 


MORRIS COHEN 101 


question. The precipitation of some phase such as CuAl:,* Mg.Si or a 
complex compound would cause an expansion. However, the precipita- 
tion of CuAl, in this early stage is unlikely, first because of the large 
increase in electrical resistance at this time, and secondly because binary 
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aluminum-copper alloys actually contract®!? instead of expand dur- 
ing room-temperature aging. Igarasi has also shown® that ternary 


*In the present discussion of precipitating phases, no attempt is made to dis- 
tinguish between the possible metastable phases®*?° and the corresponding stable 
compounds. It is recognized that transition structures in precipitates are common. 
However, they are quite persistent once formed, and certainly would not complicate 
matters by suddenly transforming to the stable state within the course of 


these experiments.®:14 
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aluminum-magnesium-silicon alloys expand during aging at room temper- 
ature, probably because of the precipitation of Mg2Si; but this expansion 
even in the high-magnesium silicide alloys is much smaller than that 
found for duralumin in spite of the low Mg,Si content of the latter.* 
Therefore the precipitation of Mg.Si cannot account for the initial 
expansion of the duralumin. By a process of elimination, then, it 
appears that the expansion may be due to the precipitation of a complex 
phase, perhaps the Al-Cu-Mg-Si compound mentioned by E. H. Dix# 
and again by D. A. Petrov." 

However, it turns out that this precipitation—if it occurs at all—can 
have little bearing on the basic age-hardening process, as demonstrated 
by the following experiment. Specimens for hardness and dilation 
measurements were overaged at 191° C. then reheated to 515° C. for 
barely enough time to attain the temperature, and quickly quenched. 
The hardness sample showed very little increase in hardness on 
aging at 30° C. This indicated that the time at the high 
temperature” was insufficient to dissolve an appreciable amount 
of the hardening constituent. Yet the dilation specimen on aging 
at 30° displayed the same expansion as when it had received the 
2-hr. solution heat-treatment. The subsequent contraction, however, 
was not observed. In view of the fact that the expansion may occur 
without the hardening of the duralumin, it seems certain that this 
expansion is not caused by the same aging process that causes the 
hardening. Hence, whether the initial expansion is the result of the 
precipitation of a complex compound or is simply due to the relief of 
quenching strains, it can be said that the source of this expansion is not a 
significant factor in the basic hardening mechanism. On the other hand, 
the contraction (which evidently zs related to the hardening process 
because the contraction does not occur without the hardening) is believed 
to be the same in origin as the contraction found during the room- 
temperature aging of the binary aluminum-copper alloys, and therefore 
gives further evidence of the lattice strain caused by nucleus formation 
prior to the actual precipitation of CuAls. 

No changes in lattice parameter or microstructure occur during the 
initial hardening. The microscopic investigation of this duralumin alloy 
was not entirely satisfactory because of the complexity of the micro- 
structures. Even in the quenched condition, the structure contains a 
finely divided dispersoid in addition to many large inclusions (Fig. 7). 
In order to resolve the individual particles of the dispersoid, high magni- 
fication and extreme care in the polishing and etching are necessary. 
This dispersoid is apparently insoluble in the matrix, as indicated by the 


* Calculated on the assumption that all of the silicon is combined with the magne- 
sium, the duralumin under investigation contains 0.38 per cent Mg.Si. This leaves 
0.34 per cent excess magnesium. 
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fact that the size and distribution of the particles cannot be altered by a 
prolonged homogenization treatment or by a resolution heat-treatment 
after aging. Therefore it is believed that the fundamental mechanism 
of the aging process is little affected by the presence of these inclusions, 
although the inclusions probably influence the magnitude of the physical 
properties attained during aging and also tend to obscure the first 
evidences of precipitation. 

It is important to note, however, that the dilute hydrofluoric acid 
etching reagent used does not reveal any grain boundaries in the matrix 
of the alloy in the quenched condition. The first structural change that 
can be detected during aging is the appearance of the grain boundaries in 
regions that contain no inclusions (Fig. 8). This always occurs during 
the secondary hardening stage. This grain-boundary etching attack is 
caused by localized precipitation, as proved on further aging by Fig. 9, 
in which the precipitated particles are resolved and additional grain 
boundaries are revealed even in the areas containing the dispersoid. 
The aging curves indicate that this precipitation process* counterbalances 
the effect of the nucleus formation going on within the grains and causes 
a gradual expansion (which should not be confused with the expansion 
previously discussed) as well as a moderate decrease in electrical resist- 
ance. Both of these reversals take place during the secondary hardening. 
The lattice parameter remains constant during these changes, but this 
anomaly is explained by the fact that the X-ray is very insensitive to the 
initial stages of localized precipitation. 

During the third hardness stage, the etching characteristics of the 
alloy change completely. The microscope shows a darkening of the 
structure due to general precipitation, as in Fig. 10. This is verified by 
the marked expansion and the rapid decrease in resistance. The orders 
of magnitude of these changes are considerably greater than those that 
occur during the first two stages. The gradual rise in lattice parameter 
during the third stage is final substantiation of general precipitation. 

In view of the complicated nature of this duralumin alloy and the fine- 
ness of the precipitated particles, the identity of the precipitated phase 
could not be determined metallographically. The existing literature on 
the constitution and age-hardening of aluminum-base alloys indicates 
that CuAl,, Mg,Si and a complex Al-Cu-Mg-Si compound!*:"* are phases 
that may be considered as possible precipitates. However, Mg2Si may 
be ruled out as an important hardening constituent because the amount 
present{ in the alloy is too low to have an appreciable effect, especially 
in the presence of excess magnesium.!* Fortunately, a recent paper by 
L. W. Kempf and H. L. Hopkins" throws some light on the precipitation 
process. These investigators studied the changes in length of a high- 


* No preferential precipitation was observed along crystallographic planes. 
{ See footnote on page 102. 
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purity aluminum copper alloy containing 10 per cent Cu. On aging at 
193° C., this alloy exhibits a slight gradual expansion over a period of 
1 to 2 hr., and then a rapid expansion, which reaches a maximum in 
40 to 50 hr. This is exactly what is found for the duralumin alloy under 
discussion upon aging at 191° C. (Fig. 5). In addition, Kempf and 
Hopkins showed that grain-boundary precipitation in the high-purity 
alloy occurs during the small initial dilation, while general precipitation 
accompanies the rapid expansion. This is also found in the duralumin 
alloy. Evidently, then, the nature of the precipitation process in the 
complex duralumin alloy is very similar to that in the high-purity 
aluminum-copper alloy. Therefore it seems likely that, in duralumin, 
CuAl, is the predominant hardening constituent, and that the precipita- 
tion of this compound along the grain boundaries and later within the 
grains is responsible for the changes in length, resistance, lattice parameter 
and microstructure observed during the second and third hardening stages. 

One may also assume that the pre-precipitation stage itself consists of 
two overlapping processes: (1) accelerated nucleus formation along the 
grain boundaries corresponding to the eventual localized precipitation, 
and (2) general nucleus formation within the grains corresponding to the 
eventual general precipitation. Such a concept seems reasonable, but 
in the present paper no attempt is made to distinguish between these 
possible stages, since no experimental evidence of a two-step pre-precipi- 
tation process was found. 

It may be further mentioned that the three-stage hardening is not 
unique with this particular duralumin alloy. The same type of harden- 
ing was found in 178 duralumin on aging at 191° C. The latter con- 
tained: copper 3.98, magnesium 0.82, silicon 0.22, manganese 0.51, and 
iron 0.70 per cent. Apparently the basic mechanism of the age-hardening 
of duralumin is not altered by considerable variations in the composition. 
Of course, the rate of aging and the properties attained at each stage may 
be greatly affected by the composition of the alloy. 


CONCLUSIONS 


The basic aging mechanism of duralumin involves a pre-precipitation 
stage as well as actual precipitation. It is believed that the pre-precipi- 
tation stage is a process of nucleus formation in preparation for the 
precipitation of CuAl;. However, when the precipitation occurs, it 
does not take place uniformly. Localized precipitation sets in first along 
the grain boundaries, and this is ultimately followed by general precipita- 
tion within the grains. The pre-precipitation stage is indicated by a 
slight contraction and a considerable increase in electrical resistance, but 
no change in microstructure or lattice parameter. The localized pre- 
cipitation stage is characterized by a slight expansion, a modest decrease 
in resistance and a darkening of the grain boundaries, but still no change 
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in lattice parameter. The general precipitation stage is accompanied by 
a large expansion, a rapid decrease in resistance, a darkening of the whole 
microstructure and a change in lattice parameter. These three stages 
may overlap to a considerable degree, but they proceed at different rates 
and are sufficiently distinct in duralumin to result in three-step hardening. 
During the room-temperature aging of duralumin the hardening is 
essentially due to nucleus formation. Any actual precipitation that may 
occur at room temperature is incidental and not a vital factor in the 
hardening mechanism. 

It is further suggested that this combination of nucleus formation, 
localized precipitation and general precipitation offers a comprehensive 
picture of the age-hardening process. Many modifications of this three- 
stage process are possible. For example, an aging system that undergoes 
uniform precipitation represents a special (and perhaps very rare) case 
in which there is no localized precipitation. Such an alloy would exhibit 
a two-stage hardening process, owing to nucleus formation and general 
precipitation. On the other hand, if the alloy is highly susceptible to 
plastic deformation during quenching, the localized precipitation stage 
may be emphasized because of the accelerated precipitation along the slip 
or twinning planes as well as at the grain boundaries. It is also con- 
ceivable that in some alloys localized precipitation may set in so rapidly 
that it obscures the evidence of the pre-precipitation stage in regions 
where general precipitation will eventually occur. This should result in 
two-stage hardening due to localized and then general precipitation 
although both precipitates are actually preceded by nucleus formation. 
Finally, if the precipitation is very nonuniform, the effects of the indi- 
vidual stages may overlap to such an extent that only a single hardness 
peak is found. One may visualize many additional variations and 
combinations of these processes. 

Thus the occurrence of one, two or three hardening stages in the aging 
curves of alloy systems may all be explained on the basis of the general 
mechanism herein presented for the age-hardening of duralumin. 
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DISCUSSION 


(J. C. Jones presiding) 


W. L. Finx,* New Kensington, Pa. (written discussion).—It is gratifying to note 
that Dr. Cohen has verified the fact that preferential precipitation will produce a 
hardness peak, even though he used a complex alloy containing a chromium dispersoid, 
which rendered difficult the microscopic detection of the precipitate. 

The complex nature of commercial duralumin also seriously interferes with 
interpretation of the hardness curves. For years there has been a controversy as 
to whether the age-hardening of duralumin at room temperature (Dr. Cohen’s first 
hardening peak) is caused by the precipitation of Mg.Si or CuAle. I do not believe 
that Dr. Cohen’s reference to the behavior of the binary alloys settles this question, 
because added elements such as magnesium and iron markedly alter the aging charac- 
teristics of aluminum-copper alloys, and copper, silicon and magnesium markedly 


* Aluminum Research Laboratories, Aluminum Company of America. 
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alter the aging characteristics of aluminum-magnesium-silicide alloys, nor do I believe 
that his reference to the change in electrical conductivity is convincing, because the 
modern theory of the structure of metals predicts that the first stages of precipitation 
should cause an increase in electrical resistivity rather than the decrease that Dr. 
Cohen assumes. 

I hope that Dr. Cohen will attempt to find three aging peaks, using a binary 
aluminum-copper alloy. If knots of copper atoms harden duralumin, they should 
harden aluminum-copper alloys. Therefore, if Dr. Cohen’s explanation were correct 
—that the first peak is caused by knots of copper atoms—it should be possible to 
find an earlier peak in the aging of aluminum-copper alloys. 

I have been using the term “knots,” which was introduced by Merica, to distin- 
guish disordered groups of copper atoms on the aluminum lattice (products of pre- 
precipitation reaction) from nuclei (those minute particles of the second phase which 
are the first product of precipitation). Dr. Cohen used the terms ‘nuclei’? and 
“knots”? synonymously. I consider it unfortunate that the same term was used for 
such different things, especially when there are well established in the literature 
distinctive terms that symbolize the two theories of age-hardening—precipitation 
and pre-precipitation. 


C. S. Barrerr,* Pittsburgh, Pa. (written discussion).—It should simplify the 
interpretation of aging curves of the types discussed in this paper if the precipitation 
on slip planes were avoided. With thin specimens and with slower cooling velocities 
in the quenching process, it should be possible to eliminate all plastic flow on slip 
planes during quenching and remove this factor from the list that must be considered 
in explaining the complexities of the aging curves. A further simplification might 
result from eliminating grain-boundary effects by the use of single crystals, or at least 
very large-grained material. 


M. L. V. Gayuer,t Teddington, Middlesex, England (written discussion).—The 
author’s observation that age-hardening of this alloy takes place in three stages is of 
particular interest. Recently, my colleague, G. D. Preston,1* and simultaneously, 
Calvet, Jacquet and Guinier,!® at the Collége de France, have shown, by specialized 
X-ray technique, that the early stages of aging of high-purity copper-aluminum alloys 
may be associated with segregation of copper atoms on the 100 planes of the crystal. 
This result is evidence in favor of the view which I have put forward®® that the first 
stage of aging is due to the diffusion of solute atoms to planes about which precipi- 
tation proper ultimately takes place. 

When duralumin is slowly cooled from a high temperature to room temperature, 
more than one phase is precipitated from solid solution, which would indicate that 
the aging of this alloy must be associated with the precipitation of these phases. 
The author has found that the first two of the three hardening processes, which he 
has observed in duralumin when aged at different temperatures, are accompanied 
by (1) no change in lattice parameter, (2) an increase in electrical resistivity Fall would 
tentatively suggest that these two hardening processes have probably similar origins 
and that they are due to the segregation of more than one kind of atom onto planes 
of precipitation, the rate of segregation depending on the kind of atom and also on 
the temperature of aging. The fact that the X-ray analyses previously mentioned 


* Physicist, Metals Research Laboratory, Carnegie Institute of Technology. 
+ Metallurgy Department, National Physical Laboratory. 
18 G. D. Preston: Nature (1938) 142, 570; Proc. Roy. Soc. (1938) 167-A, 526. 
19 A. Guinier: Nature (1938) 142, 569. 

Calvet, Jacquet and Guinier: Compt. rend. (1938) 206 [26], 1972. 
20 M. L. V. Gayler: Jnl. Inst. Metals (1937) 60, 249. 
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showed that a segregation of atoms takes place in the early stages of aging—a process 
that is accompanied by an increase in electrical resistivity but no change in lattice par- 
ameter—lends support to the above suggestion, which can be checked experimentally. 

On page 98 the author remarks: “ While only two points are available for each of 
the other stages, the straight lines drawn between these points demonstrate a very 
consistent trend, and indicate that the three hardness stages are probably due to 
related, not independent, processes.” While I think the author’s conclusion is 
probably correct, I fail to see how “straight lines drawn between two points”? can do 
other than “‘demonstrate a very consistent trend!” 

The fact that initial expansion and subsequent contraction take place on aging 
at 30° and 65° C., and that on aging at higher temperatures both these effects dis- 
appear, is most interesting. Preston and I?! found that on aging an alloy containing 
4 per cent Cu, 0.5 per cent Mg, 0.3 per cent Si, remainder Al, at room temperature 
and at 200° C., a change in density took place at the first temperature which corre- 
sponded with an initial expansion, within 4 hr., followed by a gradual expansion; 
while at 200° C. the density changes indicated a very marked expansion. It is 
pleasing that the author’s results for the same duration of time are in agreement 
with these. 

The interpretation of these volume changes must be left until our knowledge of 
the changes taking place within the lattice has expanded as a result of data obtained 
from X-ray examinations on the lines developed by Preston and Calvet, Jacquet 
and Guinier. 

It is interesting that the dilatation of a specimen overaged at 191° C. and then 
reheated quickly to 515° C. and quenched is similar to that on aging at 30°, but that 
there is no subsequent contraction. The short treatment at 515° C. can hardly— 
as the author remarks—cause appreciable resolution of the precipitated phases. 

It would seem more probable that this change was due to the relief of stresses 
set up after quenching. Phillips and Brick®? have shown that if a quenched 5 per cent 
Cu-Al alloy is aged at 350° C., even after quenching from this aging temperature 
into cold and boiling water abnormal lattice parameter changes occur. These they 
have attributed to quenching strains. 

With regard to the microscopic analysis, I cannot help wondering why the author 
did not use Keller’s etching reagent, which has been so successfully used by Fink 
and Smith?’ for developing up structures in copper-aluminum alloys aged at different 
temperatures. The photomicrographs, Figs. 7 to 10, are not convincing. The 
presence of what the author calls “‘a finely divided dispersoid which cannot be altered 
by a prolonged homogenization treatment or by a resolution heat-treatment after 
aging,” is disconcerting. I suggest that this dispersoid may be a polishing defect, 
for the following reason: one of the phases present in the microstructure of duralumin 
of composition cited by the author is a dove-gray constituent, which is definitely a 
manganese-rich constituent. Unless very great care is taken during polishing, this 
phase falls out, leaving cracks or holes near other phases. It is obviously, therefore, 
a very brittle substance and it is highly probable that the fine dispersoid is very fine 
pieces of this phase, which have been ground down during the polishing process and 
have become embedded in the softer matrix. The fact that heat-treatment has no 
ee on them is evidence in favor of this suggestion. The author remarks, page 103, 

It is important to note, however, that dilute hydrofluoric acid . . . does not reveal 
any grain boundaries . . . In the quenched condition.” A reagent commonly used 
for etching up grain boundaries in alloys of the duralumin type is 0.5 per cent hydro- 


21 Gayler and Preston: Jnl. Inst. Metals (1929) 41, 191. 
22 Phillips and Brick: Trans. A.I.M.E. (1934) 111, 94. 
3 W. L. Fink and D. W. Smith: Tran. A.I.M.E. (1936) 122, 284. 
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chloric, and I would therefore like to ask the author whether he has found that a pro- 
longed time of etching also fails to reveal grain boundaries in the quenched alloy? I 
am surprised, too, that “The first structural change that can be detected during aging 
is the appearance of grain boundaries in regions that contain no inclusions,”’ for the 
first signs of aging generally appear within the grains and not in the grain boundaries. 
The etching reagent used by the author is one that hitherto has failed to reveal 
changes in microstructure accompanying the early stages of aging, and I would 
strongly recommend that the author try Keller’s reagent after he has overcome the 
difficulty of the dispersoid—if possible! 


M. Couen (written discussion).—It is true that the theory presented in this paper 
for the age-hardening of duralumin would have been more straightforward if the work 
had been done on a high-purity binary aluminum-copper alloy. As a matter of fact, 
such an investigation will be undertaken shortly at the Institute. However, it 
should be emphasized that most of the aging studies on high-purity aluminum-base 
alloys are principally directed toward a better understanding of the aging mechanism 
in duralumin, and hence a careful determination of the aging characteristics of this 
complicated alloy forms an essential part of the long-range program. 

As Dr. Fink suggests, the three-stage picture of the aging process put forth in this 
paper will be strengthened considerably if similar effects can be found in a binary 
aluminum-copper alloy. On the other hand, this picture will not be invalidated if 
three-step hardening cannot be detected in the binary alloy, because the softness of 
this material may prevent sufficiently sensitive hardness determinations, and excessive 
plastic deformation during the quench after the solution heat-treatment may cause 
the localized precipitation stage to obscure the hardening effect of the pre-precipitation 
stage. Dr. Barrett has proposed to eliminate the localized precipitation stage by 
using thin specimens and slower quenching velocities to prevent accelerated precipi- 
tation along the slip planes, and also by using single crystals to avoid grain-boundary 
precipitation. Unfortunately, both of these suggestions lead to difficulties in obtain- 
ing accurate hardness readings. 

Dr. Fink has objected to my interpretation of the electric resistance changes during 
the aging of this duralumin alloy on the grounds that ‘‘modern theory of the structure 
of metals predicts that the first stages of precipitation should cause an increase in 
electrical resistivity rather than the decrease that Dr. Cohen assumes.””? My assump- 
tion is consistent with the experimentally determined fact that the electrical resistance 
of solid solutions decreases markedly as the concentration of the solute is decreased. 
Dr. Fink’s opposite assumption is based on “‘modern theory,” which to my knowledge 
has not yet been worked out for systems undergoing phase transformations. 

Dr. Gayler’s picture of copper atoms diffusing toward, and segregating on, the 
(100) planes of the matrix during the aging of binary aluminum-copper alloys is quite 
consistent with the nucleus or knot-formation stage to which I have attributed the 
initial hardening in duralumin. However, I cannot subscribe to her interpretation 
of the second hardening stage as another pre-precipitation process involving segrega- 
tions of atoms other than copper. In my opinion, the amounts of impurities such as 
magnesium and silicon in this alloy are too small to produce such a large increase 
in hardness. 

Dr. Gayler has obviously misunderstood my reference to the “consistent trend” 
shown by the lines in Fig. 6. This reference was intended to allude not to the straight- 
ness of the lines, but to the approximate parallelism of the lines. 

I am in agreement with Dr. Gayler’s explanation of the dilation found on aging 
at 30° after a short treatment at 515° C. The possibility of relieving quenching 
strains during the aging was mentioned on page 102. Dr. L. W. Kempf has reported 
that he has found such a dilation on “aging” a quenched specimen of pure aluminum, 
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which is further confirmation that the initial expansion found during the aging of 
duralumin is due to the relief of quenching strains rather than to some incidental 
precipitation process. 

The metallographic polishing was done with extreme care, and it is very unlikely 
that the fine dispersoid is the result of defective polishing, as intimated by Dr. Gayler. 
In the first place, our polishing produced no such dispersoid in 17S duralumin. In 
the second place, specimens of the duralumin alloy described in this paper were sent 
to Dr. D. W. Smith, at the New Kensington Laboratories of the Aluminum Company 
of America, where the dispersoid was again found after careful polishing and etching. 
Unquestionably, this dispersoid is a part of the microstructure. Keller’s etching 
reagent, as well as many others, was tried before it was found that dilute hydrofluoric 
acid gave most satisfactory results for our purpose. Some of the other reagents, 
including hydrochloric acid, brought out grain boundaries in the quenched alloy, 
but also attacked the dispersoid and left a very messy looking structure. Even the 
hydrofluoric acid must be used judiciously. Prolonged etching of the quenched alloy 
with dilute hydrofluoric acid will reveal the grain boundaries but not without obscuring 
the structure by ‘‘chewing out” the particles of the dispersoid. 

Dr. Gayler mentions that the first metallographic signs of aging generally appear 
within the grains rather than at the grain boundaries. This is not in accord with our 
experience. All of the metallographic studies made here at M. I. T. on the age- 
hardening of aluminum-base, copper-base, silver-base and magnesium-base alloys 
have shown precipitation to take place first at the grain boundaries and later within 
the grains. 


Effect of Plastic Deformation on the Age-hardening 
of Duralumin 


By Roperr W. Linpsay* anp Jonn T. Norvron,{ Memper A.I.M.EB. 


(Detroit Meeting, October, 1938) 


A NUMBER of detailed investigations of the physical changes accom- 
panying age-hardening have raised the question as to the possibility of 
some phenomenon preceding the actual process of precipitation. There 
is considerable evidence to indicate that in the first stages of the aging 
process there is a pronounced distortion of the crystal lattice. This is 
particularly marked in duralumin. It would be of considerable theo- 
retical interest to know the nature of this distortion as compared with 
that produced in other ways and to find out whether, in supersaturated 
alloys, it is a necessary antecedent to the formation of a second phase by 
precipitation. It was believed that a study of the age-hardening char- 
acteristics of a normally aged alloy compared with one that had been 
mechanically distorted might supply some useful information on these 
points. In addition, information would be obtained regarding the effect 
of a mechanical distortion on any subsequent stage in the aging process. 

Duralumin was chosen as the material for this investigation because 
the various aspects of its aging behavior can be shown in detail by suit- 
able variations of the aging temperature. Also, probably more work 
has been done on this class of alloys than on any other. In spite of 
the many published results, it was felt that the experiments would be 
significant only if all of the work were done on samples from the same 
source and if they were examined under identical experimental conditions. 


Previous WorK 


The many studies of the mechanism of aging in duralumin have been 
more or less crystallized by a series of papers by Fink and Smith'?:* and 
a recent paper by Cohen.4 The former authors believe that a simple 
precipitation theory is adequate to account for the various phenomena 


These experiments represent a portion of a thesis presented by R. W. Lindsay in 
partial requirement for the degree of Doctor of Science at M. I. T. Manuscript 
received at the office of the Institute July 5, 1938; revised Jan. 4, 1939. Issued as 
T.P. 1064 in Merats Tecuno.oey, April, 1939. 

* Association of Manufacturers of Chilled Car Wheels, Chicago, Ill. 

+ Associate Professor of Physics of Metals, Department of Metallurgy, Massa- 
chusetts Institute of Technology. 

1 References are at the end of the paper. 
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observed. According to this view, one would conclude that the distor- 
tion of the crystal lattice is an accompaniment of the incipient precipita- 
tion. On the other hand, Cohen feels that the lattice distortion represents 
a distinct stage in the process of aging, which precedes or prepares the 
way for the precipitation. These authors agree on the experimental 
evidence but differ in interpretation. In this connection, the effect of 
lattice distortion introduced by mechanical deformation might throw 
additional light on the problem. 

As to the effects of the cold-working on the mechanical properties 
of duralumin, there are two important papers, one by Fraenkel’ and one 
by Teed. These aging experiments were conducted at room temperature. 
Other pertinent studies have been made by Burns,’ Watase,* Bollen- 
rath,? Bachmetew! and Meissner."1 A review of their work indicates a 
general agreement on the following points: 

1. Cold-work after the solution heat-treatment results in a sudden 
increase in hardness, the value approaching that obtained by aging. 

2. The cold-worked samples show no incubation period at the begin- 
ning of aging. 

3. The greater the amount of cold-work, the quicker will the hardness 
and strength reach the maximum value. 

4. Cold-work after aging also results in an increase of strength and 
hardness, and the maximum values of these properties of which the alloy 
is capable are obtained by this treatment. 


EXPERIMENTAL PROCEDURE 


In the present investigation the experimental work consisted of a care- 
ful comparison of the behavior of a single alloy aged in the normal fashion, 
aged after cold-working and cold-worked after normal aging. Aging 
was carried out at four different temperatures. The tools used for the 
investigation were hardness, electrical resistivity and X-ray diffrac- 
tion measurements. 

The alloy used was a commercial duralumin, which gave the following 
typical analysis: copper, 3.98 per cent; magnesium, 0.82; manganese, 
0.51; silicon, 0.22; iron, 0.70; aluminum, remainder. 

The samples were given a solution heat-treatment at 515° C. 
for 1 hr. and quenched into tap water. The alloys were then either 
simply aged, deformed and aged, or aged and deformed and their 
behavior studied by the methods mentioned previously. The samples 
were aged in constant-temperature baths at 25°, 100°, 190°, and 300° C., 
the aging time being cumulative and a maximum time of one week 
being employed at each temperature. Samples were removed from the 
aging baths after definite intervals, measured at 25° and then returned 
to the bath. 

Deformation of the samples was accomplished by drawing through 
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a draw plate. The degrees of deformation, indicated in terms of reduc- 
tion of area, were obtained by taking the alloy as received in the form of 
a 14-in. diameter rod, turning it to different initial diameters and drawing 
to the same final diameter. The smaller reductions were obtained in 
one pass, while two passes were required for the higher reductions. 

Hardness measurements (Rockwell F scale) were made on the sur- 
face of the round samples (varying from 0.141 to 0.125-in. radius) for the 
sake of rapidity and to avoid further extraneous deformation of the 
samples. Although such measurements give hardness values lower 
than those obtained on flat surfaces, they were comparable through- 
out the course of the investigation. Values reported are averages of 
at least three readings. The hardness results were reproducible within 
+2 points. 

Lattice-parameter measurements were made on the same type of 
surface as the hardness measurements, using the familiar back-reflection 
method, with a modified method of holding the sample. The sample 
was rotated and moved laterally by hand during the exposure. Diffrac- 
tion from the (511) and (333) families of planes, using copper radiation, 
yielded the lines from which lattice-parameter calculations were made. 
Where the lines were broad, the parameter range has been indicated by 
a shaded band rather than a sharp line. Where the lines are sharp, the 
probable error is about +0.0002 A., but this value increases as the lines 
become broader. 

Reductions of area of 5 per cent and 22 per cent were given to 
the samples on which hardness and lattice-parameter measurements 
were made. 

Changes in electrical resistivity were measured on samples of 0.114 
to 0.100-in. diameter, using a Kelvin double bridge. The reproducibility 
on the undeformed samples was of the order of magnitude of 0.3 per 
cent, but the precision was somewhat less in the deformed samples, 
owing to experimental difficulties in the deforming operation. The 
changes in resistivity are expressed as percentage changes. Since 
deformation of these samples was carried out in another section of 
the draw plate, the reductions of area obtained (8 and 23 per cent) 
were not quite the same as with the samples for hardness and X-ray 
measurements. 


EXPERIMENTAL RESULTS 


It was decided to present the results for the most part in the form of 
graphs (Figs. 1 to 4) for the sake of brevity. Actual experimental 
values are available in the original research.!? The graphs are plotted 
for undeformed samples and samples given the maximum reduction of 
area of about 23 per cent. It should be mentioned that the results for 
the lower reduction of area are consistent with those shown in the graphs. 
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DIscUSSION OF RESULTS 


A consideration of the hardness curves would indicate that the normal 
aging process involves three overlapping stages. At 25° C. the aging 
process apparently involves lattice distortion as shown by the increases 
in hardness and resistivity (Fig. 1). There is no change in either the 
position or breadth of the X-ray diffraction lines. At 100° C., this 
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lattice-distortion stage is followed by the beginning of a second stage 
(Fig. 2). Hardness shows a second increase and resistivity exhibits a 
slight decrease. The behavior of the lattice parameter is the same as at 
25°. At 190° C. the three stages of the process are clearly evident (Fig. 
3). The first two stages are indicated in a manner similar to that at 
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100°; namely, two hardness steps and an increase, followed by a gradual 
decrease in resistivity. The third stage is definitely one involving general 
precipitation. Its indications are a third hardness step concurrent with 
decreasing resistivity and increasing lattice parameter. At 300° C. the 
process proceeds so rapidly that the effects of general precipitation obscure 
the first and second stages (Fig. 4). This postulation of the aging process 
in duralumin has already been discussed by Cohen‘ on the basis of more 
detailed evidence. 
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Fig. 1.—CHANGES IN HARDNESS, ELECTRICAL RESISTIVITY AND LATTICE PARAMETER 
DURING AGING AT 25° C. OF UNDEFORMED AND DEFORMED SAMPLES, 

The first stage of aging involving lattice distortion is of particular 
interest in this work. Distortion of the lattice can also be produced by 
mechanical deformation. The effects produced in this manner are in 
the same direction as those arising from lattice distortion during aging; 
namely, increases in hardness and resistivity. On this basis it would be 
expected that a mechanical distortion might accomplish what is accom- 
plished by spontaneous distortion of the lattice during aging at 25°. 
The experimental evidence shows that this occurred (Fig. 1). Increasing 
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deformation approximates the distortion produced by aging, leaving less 
and less to be accomplished by subsequently aging the deformed samples, 
The conclusion is that mechanical distortion of the quenched samples 
approximates the lattice distortion that can be accomplished by aging 
alone. It must be admitted that although the two distortions are 
apparently essentially similar, they are not identical. Mechanical dis- 
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tortion causes broadening of the diffraction lines but distortion of the 
lattice resulting from aging does not. This might be attributed to differ- 
ences in the distribution of the strains in the two instances. As a result 
of the former, strains are more or less uniformly distributed while the 
strains set up by aging are localized. Such a localized strain condition 
has little effect on the diffraction lines compared to the large unstrained 
area, and the lines remain sharp. On the other hand, mechanical dis- 
tortion produces strains throughout the grain and consequently the 
diffraction lines broaden, 
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: One cannot decide from the evidence whether deformation causes 
Incipient precipitation. A comparison was made on stable and unstable 
samples of the same hardness (60-62Ry) with the belief that deformation 
might cause localized precipitation in the unstable samples. In the 
latter greater hardness and resistivity increases were noted as well as 
increased breadth of lines (Table 1). It is generally believed that plastic 
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deformation will cause localized precipitation and some of the results 
here appear to indicate that this is so. Thus, the lines broaden more in 
deformed unstable samples than they do in deformed stable samples. 
Furthermore, the maximum resistivity attained in deformed and aged 
samples is less than that attained in normally aged samples (Fig. 1). 
Both these points would be in support of the thought that localized pre- 
cipitation does occur, but are not necessarily definite proof. It may be 
that the differences are solely due to differences in the strain-hardening 
characteristics of stable and unstable samples. 
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It is known that samples aged initially at 25° at first soften when 
reaged at higher temperatures; for instance, 100° or 200°. It would be 
expected that samples deformed after quenching would behave similarly. 
This is not true, as may be seen from Figs. 2 and 3. This is another 
indication that mechanical distortion of the lattice and distortion arising 
from aging are not identical. It may be, however, that earlier occur- 
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rence of the second stage of aging in the worked samples offsets the 
expected softening. 

It is apparent that the third stage, general precipitation, is neither 
accomplished nor prevented by deformation. This stage is still apparent 
at those temperatures at which it occurs in the normal aging process. 
However, it does occur more rapidly, as shown by the property changes 
at 190° and 300° (Figs. 3 and 4), 

Some ambiguity is apparent in the X-ray results. In the first place 
the lattice parameter of the deformed samples is smaller than that of the 
quenched samples, which would indicate that more copper has been 
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put into solution by deformation, but this is hardly likely. Rather, it is 
probably the result of a change in stress during working. On the other 
hand, when aging involved general precipitation the lattice parameter 
was larger than that for pure aluminum, which was used as a standard in 
the X-ray work. Since this was true in both undeformed and deformed 
samples, the difference is apparently a question of composition rather 
than stresses. 

Experimental results show that deforming samples previously aged 
one week at 25° and 100° results in a simple mechanical distortion of the 
lattice; in other words, strain-hardening. Tables 2 and 3 are typical 
of the behavior of hardness at 25° and 190°. Slight decreases in resis- 
tivity on reaging at these temperatures are apparently caused by relief 
of stress. 

Deformation of samples aged at 190° resulted in softening rather than 
hardening. Electrical resistivity showed a slight increase and diffrac- 
tion lines broadened considerably. This softening may be the result of 
deformation causing a redistribution of strains existing in the aged sam- 
ples, thus yielding an apparently lower indentation hardness. 


CONCLUSIONS 


The following conclusions may be drawn from this investigation: 

1. Mechanical distortion of quenched samples is essentially similar 
to the spontaneous distortion of the lattice produced by aging at 25° C. 

2. Mechanical distortion and spontaneous distortion are, however, 
not identical, since the former results in broadening of the X-ray dif- 
fraction lines and the latter does not. 

3. The evidence suggests some amount of incipient precipitation as 
a result of deformation, but is not too definite. 

4. General precipitation takes place in deformed samples at the same 
temperatures and in the same manner as it does in undeformed samples. 

5. Deformation of aged samples has for its results a simple strain- 
hardening. 
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DISCUSSION 


M. L. V. Garter, * Teddington, Middlesex, England (written discussion).—I have 
been investigating the effect of cold-work on the aging of a 4 per cent copper-aluminum 
alloy of high purity, and I have obtained some results which, I think, throw light on 
one or two points raised by the authors. 

On page 118 they remark: “It is known that samples aged initially at 25° at first 
soften when reaged at higher temperatures; for instance 100° and 200°. It would be 
expected that samples deformed after quenching would behave similarly. This is 
not true, as may be seen in Figs. 2and 3. This is another indication that mechanical 
distortion of the lattice and distortion arising from aging are not identical. It may 


Fia. 5.—Coup-FORGED 1-INCH CHILL, 4 PER CENT COPPER-ALUMINUM ALLOY. 
Heat-treated 2 hr. at 530° C., quenched in water at room temperature and cold- 


popes to 5/6 to 3{g inch. Etched with 25 per cent nitric acid in water at 70° C. 


be, however, that earlier occurrence of the second stage of aging in the worked samples 
offsets the expected softening.” 

The following experimental data support the authors’ views: A cold-forged 1-in. 
chill of 4 per cent copper-aluminum alloy of high purity was heat-treated 2 hr. at 
530° C., quenched in water at room temperature and immediately cold-rolled from 
a thickness of 546 to 346 in. Brinell-hardness measurements taken over a period of 
five days showed that no further aging took place during that time: the hardness 
immediately after quenching being 95, which is approximately the maximum attained 
during room-temperature aging. The microstructure of the cold-worked alloy etched 
with 25 per cent HNO; in water at 70° C, is shown in Fig. 5 under a magnification of 
150 diameters. Apart from the varied staining of the grains, which, however, may be 
significant, the structure is typical of a cold-worked material: no visible precipitation 
was observed, 

If the alloy be heat-treated at 200° C. marked changes occur both in hardness and 
microstructure. Fig. 6 represents the hardness-time curve and shows that the initial 
effect of heat-treating the cold-rolled material is to cause an immediate increase in 
hardness. This rises to a maximum hardness of 102 Brinell in about 55 min., after 
which the alloy rapidly softens. In comparison, the hardness of the alloy quenched 
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normally and then aged at 200° C. immediately, rises to a maximum hardness of 100 
Brinell in about 8 hr., after which softening sets in. 

The microstructure of the cold-worked alloy aged at 200° C. has been examined 
after various time intervals. After each heat-treatment the specimens were polished 
and etched with 25 per cent HNO; in water at 70° C, Figs. 7 and 8, under a magnifica- 
tion of 150 diameters, show the characteristic “strain”’ figures, which were developed 
by etching specimens aged 14 and 1 hr. at 200° C., respectively. The lines and dark- 
ened regions increase in degree as the time of aging is prolonged (ef. Figs. 7 and 8). 

If the microstructures are examined under a magnification of 2000 diameters, the 
“strain” lines resolve themselves and are seen to be a very fine precipitate. Fig. 8 
is a typical area of the alloy aged 14 hr. at 200° C., showing “strain” lines crossing 
each other. The structure of the alloy aged 120 hr. is given in Fig. 10 under a magnifi- 
cation of 2000 diameters, and this shows that a much more pronounced precipitation 
has taken place, again in the form of very fine rounded particles. 

The nature of this precipitate is uncertain, but it is probably, in the early stages of 
aging, the intermediate phase of Wassermann and Weerts," since an X-ray analysis of 
the polished and etched surface of a specimen aged one day at 200° C. showed evidence 
of a phase other than CuAl,. 

It is therefore improbable that CuAl: is present in alloys aged at 200° C. for periods 
less than one day; therefore the precipitates seen in Figs. 7 to 9 are probably the 
intermediate phase. After aging for 120 hr., some of the fine precipitated phase may 
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still be this phase; CuAls, however, is present in the grain boundaries, since the parti- 
cles in them are stained black by the etching reagent. 

Reference should be made to the results of Bosshard and Hug,'* whose researches 
on “strain” figures in aluminum alloys of other compositions were published just after 
I had observed the facts described. These investigators did not, however, identify 
precipitation in the ‘‘strain”’ figures until after prolonged aging. 

The experimental facts which I have just put forward show why no softening should 
be expected when cold-rolled material is aged at higher temperatures: they support the 
authors’ suggestion that the ‘earlier occurrence of the second stage of aging in the 
worked samples offsets the expected softening.” It is obvious that the second stage of 
the aging process sets in at an accelerated rate when aging is carried out on cold-worked 
material at high temperatures. It is probable, as the authors suggest, that ‘some 
amount of incipient precipitation as a result of deformation” is present. There is no 
microscopic evidence to support this view but an “incipient” precipitation is unlikely 
to be detected by this method of analysis. Calvet, Jacquet and Guinier’ and Preston'® 
have shown that plates of copper atoms are formed during room-temperature aging, 


13 G, Wassermann and G. Weerts. Metallwirtschaft (1935) 14, 605. 

144M. Bosshard and H. Hug: Schweiz. Archiv (1938) 4, (5), 127; Metallwirtschaft 
(1938) 17, (26), 708. 

15 J. Calvet, P. Jacquet and A. Guinier: Compt. rend. (1938) 206, 1972. 

16 G, D. Preston: Proc. Roy. Soc. (1938) A-167, 526. 
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and that these increase in size and number as aging proceeds, and that at higher aging 
temperatures the intermediate phase appears at the expense of the former. 

In the cold-worked copper-aluminum alloy, it appears from hardness measure- 
ments that the alloy is in the fully aged state. It is possible, therefore, that the plates 
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of copper atoms formed by the accelerated aging due to cold-work are too large for 
re-solution at higher aging temperatures. Hence the intermediate is formed imme- 
diately on aging at higher temperatures. The fact that the hardness increased imme- 
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diately on aging the cold-worked alloy at temperatures of 130°, 150° and 200° C. 
supports this deduction. 


R. W. Linpsay and J. T. Norron (written discussion).—It is gratifying to learn 
that Dr. Gayler’s findings are in accord with ours. Although the behaviors of Dr, 
Gayler’s alloy and of that used in this investigation differ somewhat in response to 
aging at 200° C. after cold-work, both show an increase in hardness immediately upon 
aging at this temperature. The differences that do exist between the two are quite 
probably the result of differences in purity of the alloy, that used in our investigation 
being a commercial duralumin. Whereas Dr. Gayler found an initial hardening 
followed by softening at 200°, we found an initial gradual hardening followed by a 
more pronounced hardening and finally a softening. 

Dr. Gayler’s microscopic work indicates that the initial hardening is due to a 
precipitation of an intermediate phase. Although no microscopic work was done in 
our investigation, the behavior of electrical resistivity appears to offer confirmatory 
evidence. Dr. Gayler attributes the initial hardening to accelerated aging, which 
produces plates of copper atoms of such a size that re-solution (which is considered 
responsible for the softening occurring when a fully aged alloy is re-aged at 200°) is 
prevented and the intermediate phase immediately forms. The inference is then 
that formation of this intermediate phase takes place by slightly differing mechanisms 
in normally aged alloys and in alloys cold-worked and then aged, since the re-solution 
state is postulated to be prevented in the latter instance. The other possibility is that 
incipient precipitation is actually initiated by the cold-working operation. Naturally, 
both ideas are rather speculative in nature but are logical postulations from the 
evidence at hand. 


Some Aspects of the Recrystallization of Cold-worked Alum- 
inum and Aluminum Alloys 


By L. W. Eastwoop,* Memper A.I.M.E., R. W. James,j JuNIoR MEMBER, AND 
R. F. Betut 


(New York Meeting, February, 1939) 


Part 1. Errect oF Hratinc RATE uPpON RECRYSTALLIZED 
GRAIN SizE oF ALUMINUM AND ALUMINUM ALLOYS 


Amone those concerned with the annealing and heat-treating of 
aluminum and aluminum alloys, it is well known that after cold-working a 
coarser grain is usually produced by slow heating than by more rapid 
heating. Consequently, for the control of the grain size produced by 
annealing or heat-treating cold-worked aluminum and aluminum alloys, 
the heating rate is of considerable practical importance. References in 
the current literature on the effect of heating rate are numerous, but it 
appears neither necessary nor desirable to give here a review of the former 
work done on this subject. 

It became evident during some preliminary work on the recrystalliza- 
tion of aluminum and aluminum alloys that the effect of heating rate 
depended upon the type of microstructure of the metal. This observation 
led to the following study of the relationship of the type of microstructure 
of the alloy to the effect of the heating rate. 


Materials Investigated 


Analyses of the aluminum and aluminum alloys investigated are given 
in Table 1. Three classes of material are listed, as follows: 

Class I.—Belonging to the first class are pure aluminum and aluminum 
containing a second constituent that is soluble in the aluminum matrix at 


This paper is based upon theses submitted to the faculty of the Case School of 
Applied Science, Cleveland, Ohio, by R. W. James in partial fulfillment of the require- 
ments for a Master of Science degree in metallurgy, and by R. F. Bell in partial 
fulfillment of the requirements for a Bachelor of Science degree in metallurgy. Manu- 
script received at the office of the Institute Dec. 1, 1939. Issued as T.P. 1048 in 
Merats TEecuNnooey, February, 1939. 

* Research Metallurgist, Aluminum Company of America, Cleveland, Ohio. 

} Research Metallurgist, Aluminum Company of America, and graduate student, 
Case School of Applied Science, Cleveland, Ohio. 

{ Assistant Metallurgist, Aluminum Company of America, Cleveland, Ohio. 
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all temperatures between room temperature and the solidus line. This 
structural class consists of a single phase throughout the range from room 
temperature to the heat-treating temperature. 

Class II.—The alloys of class II are characterized by the presence of a 
second constituent in the aluminum matrix, the second constituent having 
only limited solubility at room temperature but considerable solubility at 
high temperatures. The quantity of the second constituent is just 
sufficient to enable complete solution in the aluminum matrix at tempera- 
tures near the solidus line, These alloys consist of a single phase at high 
temperatures and two phases at lower temperatures. 

Class III.—This class of alloys is characterized by the presence of a 
second phase that is essentially insoluble at all temperatures between 
room temperature and the solidus line. These alloys consist of an aggre- 
gate throughout the solid state. 


TaBLE 1.—Chemical Compositions of Alloys 


Composition, Per Cent 
Class 
Alloy. Cu Fe Si Others 
i 99.95 Al 0.01 0.02 0.01 
I | Al+2 Zn 0.01 0.01 ORO 2.33 Zn 
I Al +2 Mg 0.01 0.03 0.02 2.03 Mg 
1 Al +4 Cu 4.20 0.04 0.01 
II Al + 1 Mg.Si 0.01 0.02 0.37 0.76 Mg 
ne Al + 0.5 Si 0.01 0.02 0.45 
II Al + 8 Mg 0.01 0.02 0.02 | 8.04 Mg 
III Al + 1.5 Fe + 0.75 Si 0.01 1.59 0.73 
III Al +3 Mn 0.01 0.07 0.038 2.74 Mn 
III Al + 0.3 Ti 0.06 0.14 0.17 Oro4a 
III 99.3 Al 0.01 0.41 0.27 
II and III} Duralumin 4.14 O57 0.20 0.43 Mg 
0.44 Mn 


Experimental Procedure 


The materials were prepared from ingots measuring 3!4 by 3!¢ by 
12in. The ingots were scalped, preheated, and then hot-forged to bars 
34 by 34 in. The 34-in. bars were cold-rolled with intermediate anneals 
to the desired thickness. They were then annealed 16 hr. at 650° F. and 
cooled slowly in the furnace to precipitate soluble constituents. Follow- 
ing this anneal, they were cold-rolled to give reductions in thickness of 
2 per cent, 5 per cent, 10 per cent, 30 per cent and 75 per cent in each. 
The final reductions produced strips 0.04 in. thick. 

Specimens of each of these types of cold-worked strips were then 
heated at two temperatures, one lot being treated at 750° F. and the 
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second lot at 950° F. Three heating rates were utilized for each of the 
temperatures. Slow, medium and fast heating rates were effected 
as follows: 

The slow heating rate was obtained by placing the specimens in 
the cold furnace and heating them up with the furnace; 45 min. was 
required to reach 750° F. and 75 min. to reach 950° F. The specimens 
were held at temperature for 30 min., then quenched in cold water to 
preserve the structure existing at the end of the thermal treatment. 

The medium heating rate was accomplished by placing the specimens 
in the furnace after it had reached the desired temperature. The speci- 
mens were held 30 min. and quenched in cold water. 

The rapid heating rate was effected by plunging the specimens into 
a fused salt bath previously heated in the furnace to the desired tempera- 
ture. A salt-load weight ratio of 36:1 was utilized. To compensate for 
the slight drop in temperature of the bath, the fused salt was heated to 
760° F. for the 750° F. anneal and to 965° F. for the 950° F. treatment. 
The samples were held in the salt bath for 30 min. and quenched in 
cold water. 

Thus, in this work, twelve different materials were reduced five 
different degrees by cold-rolling, after which similar specimens were 
heated at three different heating rates to two different temperatures. 
Subsurfaces parallel to the rolling plane and near the center of the strips 
were polished and grain counts made. On two of the alloys it was difficult 
to make a grain count because they were fine-grained and contained a 
considerable amount of insoluble constituent. The relative grain size of 
these alloys was determined by means of X-ray diffraction patterns. 


Discussion of Results 


In this paper the replacement of the strained material by unstrained 
grains, as observed by X-ray diffraction or microscopic means, is called 
“recrystallization”’ and the absorption of one unstrained grain by another 
after recrystallization is complete is called ‘‘coalescence.”’ This definition 
of recrystallization covers the process of the formation of new grains from 
the original nucleus to the completed grain. On the basis of volume, 
most of this growth can be observed by means of a microscope, the initial 
stages of the nucleus growth being, however, well advanced by the time 
the new grains are visible at high magnification. When such new grains 
collectively just occupy the entire volume of the specimen or portion of 
the specimen, recrystallization of this portion is considered complete. 
Further grain growth occurs by coalescence. Throughout this paper the 
term “recrystallized grain size” will refer to the final grain size produced 
by any thermal treatment that permitted recrystallization to occur. In 
many instances the term will refer to structures that represent consider- 
able coalescence subsequent to actual recrystallization. 
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Considerable change must occur in the atomic structure and in the 
positions of the atoms before new grains are visible. The observation of 
these changes is restricted, of course, by the limitations of present experi- 
mental methods. The processes that precede the formation of new 
grains are collectively designated as ‘‘recovery.”’ 

These definitions are necessarily arbitrary, but they form the initial 
and essential basis for any discussion of this subject. If and when greater 
knowledge of the processes involved is at hand, recrystallization might 
well be considered to occur in the stage now designated as recovery. 


TABLE 2.—Average Number of Grains per Square Millimeter, Class I, 
Single-phase Materials 


Grain Heated to 750° F. Heated to 950° F. 
Reduc- Size 
Composition, tion, before 7 
Per Cent Per Last Slow Medium Fast Slow Medium Fast 
Cent Cold- Heating | Heating | Heating | Heating | Heating | Heating 
rolling Rate Rate Rate Rate Rate Rate 

G OIG HA Dees 2 121 1214) 1244 IPA 2 2 4 
5 16 16 16 4 4 4 

10 25 25 25 4 6 4 

30 36 36 36 4 9 4 

75 25 25 25 4 6 2 

IN ly PA ee Se 2 144 144%) 1444 144¢ a) 4 ib 
5 16-144> 1444 144¢ oy 4 y% 

10 4 4 9 2 2 2 

30 16 16 16 2 2 2 

75 16 16 16 2 2 2 

Al+2Mg...... 2 225 225%| 225° 225% 2 2 5 
5 9-64 16 16 4 7 7 

10 64 64 64 9 9 9 

30 100 100 100 9 9 9 

15 196 196 169 7 i 9 


2 Not recrystallized. 
» Partially recrystallized; all others completely recrystallized. 


The data on alloy classes I, II and III and on the two commercial 
products, 99.3 per cent aluminum and duralumin, are shown in Tables 2, 
3, 4 and 5, respectively. The data in the tables indicate the specimens 
that are recrystallized, partly recrystallized, or not recrystallized, these 
conditions having been identified in the following manner. ‘The original 
materials are relatively fine grained while, as is well known, the recrystal- 
lized grains are coarse at the low degrees of cold deformation. , From 
examination of the data, it is apparent that, at the low reductions, a 
considerable grain coarsening accompanied recrystallization. Assuming, 
then, that the relatively coarse-grained low-reduction samples have 
recrystallized, the same material cold-worked to higher degrees and 
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subjected to the same thermal treatment would, of course, have recrystal- 
lized also. To check this criterion for distinguishing between recrystal- 
lized and unrecrystallized materials, diffraction patterns were made of 
some specimens. It was found that the well-known patterns indicative 
of cold-worked materials were produced when the grain size of the treated 
specimens was the same as the grain size before the last cold-working 


Taste 3.—Average Number of Grains per Square Millimeter, Class I1, 
Alloys Containing Second Phase Completely Soluble at Temperature near 


Solidus 
Grain Heated to 750° F. Heated to 950° F. 
Reduc- Size 
Composition, tion, before 
Per Cent Per Last Slow Medium Fast Slow Medium Fast 
Cent Cold- | Heating | Heating | Heating | Heating | Heating Heating 
rolling Rate Rate Rate Rate Rate Rate 

Al ves4 ‘Cire ess 2 4000 40002 | 40002 | 40002 9 16 16 
5 1 145 145 16 16 16 

10 4 210 325 16 16 16 

30 225 785 1150 25 25 25 

75 1025 2304 2704 25 25 25 

Al + 1 Mg,Si.... 2 550 5502 5502 5502 2 4 3 
5 5502 5502 5502 5 8 6 

10 5 16 25 8 8 10 

30 30 40 145 12 14 8 

75 a5 195 250 6 15 4 

Al + 0.5 Si...... 2 325 3252 325% 325? 1 1 2 
5 1 “% 1 1 2 5 

10 36 49 64 3 L 9 

30 49 64 64 4 5 9 

75 81 121 100 8 8 8 

Al+8 Mg...... 2 225 225% 2252 2252 7 6 7 
5 4-225> 225% |4-225> 7 12 10 

10 16 25 100 12 12 12 

30 64 100 144 25 20 25 

75 64 100 64 7 12 9 


@ Not recrystallized. 
» Partially recrystallized; all others completely recrystallized. 


operation. When the coarsening in grain size occurred, the diffraction 
pattern indicated the formation of new unstrained—i.e., recrystal- 
lized—grains. 

The data in the four tables are fairly consistent. As might be 
expected, when a coarse grain exists, there is more variation in the average 
grain size because the fewer number of grains present permits a wider 
variation in average results. 

The data in Table 2 indicate that, with the single-phase materials, for 
a given reduction and heating temperature, no variation in the recrystal- 


L. W. EASTWOOD, R. W. JAMES AND R. F. BELL 129 


lized grain size is produced by differences in heating rate. Considerable 
coalescence has occurred in all the specimens heated to 950° F. and in the 
specimens that are given considerable reductions and annealed at 750° F. 

In Table 3 the copper and the magnesium silicide alloys reduced a 
given amount and heated at 750° F. show an orderly decrease in recrystal- 
lized grain size with increased heating rates. After the 750° F. treatment, 
both of these alloys contained numerous undissolved particles of the 


TABLE 4.—Average Number of Grains per Square Millimeter, Class ITI, 
Alloys Containing Second Phase Practically Insoluble at All Temperatures 
below Solidus 


Heated to 750° F. Heated to 950° F. 
Composition, ae ; Aa aes : : ; 
hry Gent | Cold-rolling ee Hota Heating Hearne Hosting eee 
Rate Rate Rate Rate Rate Rate 
Al + 1.5 Fe + 0.75 2 4625 46252 | 46252 | 46252 | 46254 | 46252 | 4625 
Si. 5 46257 | 46252 | 46252 | 46252 | 46252 | 46252 
10 46252 | 46252 | 46252 16 36 64 
30 144 256 400 400 576 784 
75 1024 | 1296 | 1936 | 1296 | 1600 | 3136 
Al +3 Mn........ 2 Wes we Us We Ue Us Ue 
5 |(From X-| U2 US se) 5 Ue Us Ws Ub 
10 ray diffrac-| U* U2 Ue A B C 
30 tion pat-| A B C D E F 
aD terns) D E F G H J 
) Nil OM O)S 3 hes ocr 2 Use We Us We Ue Us Ue 
5 |(From X-| Us Uz U2 (Gk: Ue U? 


10 ray diffrac-| U*? Wie 10 A B (@ 
30 tion pat-| A B C D E F 
TAS terns) D E F G H J 


@ Not recrystallized. 

> Partially recrystallized. | 

¢ U represents unrecrystallized material; A represents the largest recrystallized 
grain size and J the smallest recrystallized grain size. The series A to J represents 
the relative grain sizes shown but only for a given material heated to the specific 


temperature indicated. 


soluble phase. The data for the silicon and magnesium alloys heated to 
750° F. show some evidence of the effect of heating rate, but the effect is 
not so pronounced as in the first two materials. The lesser effect is prob- 
ably explained by the almost complete solution of the soluble phases in these 
two alloys at 750° F. All of the materials in Table 3 show little or no 
effect of heating rate when treated at 950° F. A complete solution of the 
soluble phases at this temperature has apparently permitted class at 
alloys to assume a final grain size independent of heating rate. It is 
probable that the recrystallization of the alloys precedes the solution of 
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the soluble phase. If so, just after complete recrystallization, the grain 
size of class II alloys cold-worked and heated to 950° F. must have been 
finest in the rapidly heated specimens. This difference in grain size 
apparently has been eliminated by subsequent coalescence. This is 
substantiated by the fact that, for a given heating rate, the final grain 
size is approximately similar in specimens given different degrees of 
reduction, though the grain size just after complete recrystallization of the 
specimens reduced 2 per cent must have been markedly larger than those 
in the specimens reduced 75 per cent. This difference in grain size, too, 
has been largely though not completely eliminated by subsequent coales- 


TABLE 5.—Average Number of Grains per Square Millimeter, Commercial 


Alloys 
Grain Heated to 750° F. Heated to 950° F. 
Reduc- Size 
Composition, tion, before 

Per Cent Per Last Slow Medium Fast Slow Medium Fast 
Cent Cold- | Heating | Heating | Heating | Heating | Heating | Heating 

rolling Rate Rate Rate Rate Rate Rate 

OO IS aA lo eerie 2 1930 | 19802 | 19302 | 19302 | 193802 | 19302 | 19302 
5 19302 | 19302 | 19302 | 19302 | 19302 | 19302 

10 19302 | 19302 | 19302 |1¢” dia. 4 4 

30 25 64 121 100 144 196 

75 256 400 784 484 900 1930 
Duralumin®’...... 2 8450 | 84502 | 84502 | 84502 | 84502 | 84502 | 84502 
5 84502 | 8450¢ | 84502 | 84502 | 84502 | 84502 

10 84502 | 84502 | 84502 16 36 40 

30 64 144 400 144 600 1024 

75 1024 2304 5184 1932 2700 5766 


« Not recrystallized; all others completely recrystallized. 
» Class III. 
¢ Combination of class II and class III. 


cence at 950° F. Coalescence is greatly facilitated by the absence of a 
second phase finely dispersed in the aluminum matrix. Consequently, 
considerable coalescence has occurred at 950° F. in all the alloys of this 
class, and only slight coalescence has occurred at 750° F. if a substantial 
amount of undissolved second phase remains. 

The data of Table 4 show a distinct effect of heating rate in class III 
alloys (those containing insolubles at all temperatures below the solidus) 
at both temperatures and for all reductions at which recrystallization 
occurred. The commercial alloys shown in Table 5 display a similar 
effect. Both of these commercial materials, of course, contain consider- 
able amounts of insoluble constituent at all temperatures below the solidus. 

The collective data show that, if a second phase remains after the 
thermal treatment, a coarser grain is obtained by slow heating than is 


L. W. EASTWOOD, R. W. JAMES AND R. F. BELL 131 


obtained by rapid heating. If the second phase is of such a nature that 
it is completely dissolved during the time at the heating temperature, it 
has little or no effect on the final grain size, provided the time after solu- 
tion of the soluble phase is sufficient to permit considerable coalescence. 

It is quite evident, then, that a second microstructural phase must be 
present if the grain size produced by a rapid rate of heating is finer than 
that obtained by a slower rate of heating. The explanation for this 
phenomenon is not clear. In view of the coarsening of the class III alloys 
by slow heating, this phenomenon cannot be explained by assuming a 
change in quantity or distribution of the dispersed phase. Microscopic 
examination of the class III alloys after heating and quenching showed 
that there was no apparent change in microstructure produced by 
differences in heating rate. 

The microstructures of the various samples as-rolled and as-quenched 
from the two different heating temperatures showed that the micro- 
structures predicted were realized. However, as indicated above, the 
second phase in the 0.5 per cent Si alloy and the 8 per cent Mg alloy is 
essentially dissolved at the lower annealing temperature of 750° F. 

It is interesting to note that the diffraction patterns of the two alloys, 
aluminum plus 3 per cent Mn and aluminum plus 0.3 per cent Ti, revealed 
that, all other factors being the same, the sample that was treated at the 
most rapid heating rate tended to have the greatest power for recrystalli- 
zation; that is, recrystallization began at lower degrees of deformation. 
This greater recrystallization power of the samples heated at the more 
rapid rate may be caused by the effect of recovery, assuming that recovery 
does decrease the recrystallization capacity of cold-worked metals. It is 
suggested that prior to recrystallization some recovery may occur as a 
function of heating rate, the greater lapse of time to reach the tempera- 
ture at which recrystallization occurs permitting a greater degree of 
recovery to take place. 


Part 2. RECRYSTALLIZATION OF COLD-WORKED HIGH-PURITY 
ALUMINUM 


Most studies of recrystallization consist of the determination of grain 
sizes after considerable coalescence has occurred. The relationship of 
the grain size just after complete recrystallization is of considerable prac- 
tical and theoretical importance. In a previous paper! it has been shown 
that for a given material, the grain size in alpha brass just after complete 
recrystallization is essentially independent of the annealing temperature 
or the time at the temperature and is dependent only upon the degree of 
cold deformation given to the specimen before the last annealing treat- 


1. W. Eastwood, A. E. Bousu and C. T. Eddy: Trans. A.I.M.E. (1935) 117, 246. 
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ment. A similar investigation was carried out on aluminum of high 
purity, containing about 0.005 per cent Cu, 0.02 Fe, 0.01 Si and 99.95 Al. 


Experimental Procedure 


The high-purity aluminum was cast into ingots 3!¢ by 314 by 12 in., 
which were then hot-forged to bars approximately 34 in. square. These 
bars were cold-rolled with intermediate annealing periods to 0.20 in. 
This stock was then cut into 4-in. lengths and machined to wedges. 
The wedges were annealed and cooled slowly in the furnace to precipitate 
the soluble constituents. They were then cold-rolled, the wedge-shaped 
specimen producing a deformation gradient varying from 0 per cent at 
the small end to about 22 per cent at the large end. These specimens 
were then annealed by rapidly heating to various temperatures for 
various periods of time. 

In a similar fashion, some of the cold-rolled strips 0.2 in. thick were 
cut into 10-in. lengths and machined to give a bar tapering toward the 
center. After the machining operation, the tapered tensile bars were 
also given an anneal at 650° F. and slowly cooled in the furnace. They 
were then broken in tension, thus producing a deformation gradient 
in the bars from about 20 per cent reduction in area in the center of the 
constricted area to 0 per cent at the large end near the grip section. 
Thus, two sets of deformation gradient bars were prepared, one by cold- 
rolling and the other by cold-stretching. The grain size before the final 
rolling or stretching operation was 0.25 mm. The specimens were then 
given various annealing treatments, using rapid heating rates in every 
instance. The longer the time and the higher the temperature of the 
anneal, the more complete is the recrystallization, using this term as 
defined above. Generally, there would be one part of the bar correspond- 
ing to a definite degree of deformation that would be just completely 
recrystallized. At places having a higher degree of deformation, the 
bar would be completely recrystallized with possibly some coalescence. 
At lower degrees of deformation, recrystallization would be either partial 
or would not have occurred to any degree. It was thus possible to 
obtain grain sizes just after complete recrystallization without any 
coalescence. A specimen of this type has the advantage that all degrees 
of deformation are represented on one specimen, thus reducing to a 
considerable extent the number of specimens and the quantity of work 
required to obtain data on the grain sizes after recrystallization without 
coalescence. It was shown in the previous work on alpha brass (see 
ref. 1) that the general deformation gradient did not have any effect upon 
the grain size produced. After the annealing treatment, the specimens 
were etched and grain counts made on the surface at the point at which 


recrystallization was just complete and at other points along the bar 
where recrystallization had occurred. 
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Discussion of Results 


The grain size obtained at the point at which recrystallization was 
just complete in the rolled bars is shown in Table 6 and by Fig. 1; the data 
for the stretched bars are shown in Table 7 and by Fig. 2. The figures 
show that within the limits of experimental error the grain size for a given 
material and type of deformation is dependent only upon the degree of 
deformation and is independent of the temperature or the time of heating, 
provided no coalescence has occurred after recrystallization is complete. 


GRAIN SIZE-MM. DIA. 
GRAIN SIZE-MM. DIA. 


PER CENT REDUCTION PER CENT REDUCTION 
Fie. 1. Vihies, D2 
Fic. 1.—RELATIONSHIP OF DEGREE OF DEFORMATION BY ROLLING TO GRAIN SIZE OF 
ANNEALED 99.95 PER CENT ALUMINUM AFTER RECRYSTALLIZATION IS COMPLETE. 
Fic. 2.—RELATIONSHIP OF DEGREE OF DEFORMATION BY STRETCHING TO GRAIN SIZE OF 
ANNEALED 99.95 PER CENT ALUMINUM AFTER RECRYSTALLIZATION IS COMPLETE. 


There is, of course, some variation in the data, as might be expected, 
since it is difficult to get uniform reduction, particularly at low degrees of 
deformation. It is also true that in a high-purity metal such as this the 
grain sizes are relatively coarse, and, as a consequence of the smaller 
number of grains present, the possibility of a variation in the average 
grain size is great. 

A similar experimental procedure carried out on aluminum of decidedly 
lower purity shows in general a similar relationship. As compared with 
the high-purity aluminum, it appears that the grain size of the low-purity 
aluminum at moderate or high degrees of cold deformation is finer than 
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TaBLE 6.—Heat-treatment and Grain Size, Rolled Specimens of High- 
purity Aluminum 


Heat-treatment Recrystallization Complete 
SEER GAD ee Time at Anneal eran eres Reduction, | Grain Size, Mm. Dia. 
662 180 min. 20.0 0.25 
662 300 min. 10.0 0.51 
662 480 min. oo 0.74 
752 15 min. 15.0 URE 8; 
752 30 min. 7) 0.43 
752 60 min. 5.0 0.46 
752 120 min. 4.7 0.51 
752 180 min. 3.7 0.64 
woz 300 min. 3.0 0.79 
752 480 min. 2.5 1.04 
842 30 sec. 15.0 0.28 
842 1 min. 8.5 0.41 
842 5 min, 5.0 0.41 
842 15 min. 4.7 0.53 
842 30 min. 4.5 0.58 
842 60 min. 2.2 0.69 
842 120 min. 2.0 0.76 
842 180 min. eth 0.94 
842 300 min. 1.0 1.04 
932 5 see. 20.0 0.25 
932 15 sec. 6.0 0.41 
932 30 sec. 4.5 0.48 
932 1 min. 3.5 0.53 
932 5 min. 230 0.66 
932 15 min, Lav 0.89 
932 30 min. 1.0 1.04 
932 60 min. 0.8 i a leg 
932 120 min. 0.5 1.27 
1022 30 sec. 6.5 0.46 
1022 1 min. 2.2 0.69 
1022 5 min, 1.0 0.89 
1112 2.5 sec. 10.5 0.41 
1112 ; 5 see, (ats) 0.46 
La? 15 sec. 1.5 0.71 
1112 1 min. 0.5 1.02 
1202 2.5 sec. one 0.58 
1202 5 sec. 6? 0.71 
1202 - 15 sec. Ro 0.86 


ee ee Oe ee ee 
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TABLE 7.—Heat-treatment and Grain Size, Stretched Specimens of High- 
purity Aluminum 


Se ee ee 


Heat-treatment Recrystallization Complete 
eae ee eereears, Time at Anneal Sitaiaiees riers Grain Size, Mm. Dia. 
662 120 min. 20.0 0.28 
662 180 min. 10.0 0.36 
662 300 min. 8.0 0.64 
662 480 min. 6.5 0.69 
752 5 min. 20.0 0.25 
752 15 min. 10.0 0.46 
752 30 min. 8.3 0.51 
752 60 min. 5.0 0.61 
752 120 min. 4.5 0.84 
752 180 min. 3.0 1.14 
752 300 min. yes) i lee 
752 480 min. 2.0 1.838 
842 30 sec. 20.0 0.25 
842 1 min. 10.0 0.31 
842 5 min. ales 0.46 - 
842 15 min. 2.0 1.02 
842 30 min. 1.0 1552 
842 60 min. 0.5 1.65 
932 5 sec. 15.2 0.46 
932 15 sec. 9.5 0.56 
932 30 sec. 4.5 0.86 
932 1 min. 3.0 102, 
932 5 min. 15 52 
932 15 min. 0.5 Th By 
932 30 min. OBS WN OM 
1022 30 sec. Dees L270 
1022 1 min. 10) 1.47 
1022 5 min. O25) E65) 
1112 2.5 sec. 10.2 0.46 
1112 5.0 sec. 4.3 0.69 
2, 15.0 see. 2.5 0.97 
1202 2.5 sec. 1.5 toile 
1202 5.0 sec. Ono ik ay 
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that obtained with the pure aluminum. The reverse is true, however, at 
low degrees of deformation; that is, coarser grains, generally columnar 
grains, are formed in the aluminum of low purity after recrystallization 
of the slightly deformed material. This growth of columnar grains 
may be a function of preferred orientation and mechanical fibering in 
the specimen. 


SUMMARY 


Three different classes of aluminum-base alloys have been investi- 
gated. The first class consists of a single phase at all temperatures 
between the solidus and room temperature, the second class consists of a 
single phase at temperatures near the solidus and two phases at room 
temperature, while the third class of alloys consists of two phases at all 
temperatures below the solidus line. It has been found that the grain 
size after annealing or heat-treating the cold-worked materials of the 
first class is unaffected by heating rate. The second class of material, 
which contains a second phase completely soluble at high temperatures, 
is unaffected by heating rate within the limits of these experiments 
provided the soluble materials have been completely dissolved during the 
heating operation, thus leaving a single-phase material. If the tempera- 
ture is such that the soluble materials remain in part undissolved, this 
class of alloys is affected by heating rate much as in class III. It has 
been found that alloys of class III—i.e., materials that contain a second 
essentially insoluble phase dispersed in the. aluminum-rich matrix— 
produce a coarser grain when the cold-worked material is slowly heated 
than when rapidly heated. 

An investigation of the grain size of high-purity aluminum shows that 
if recrystallization of the cold-worked material is just complete—that is, 
if no coalescence has occurred—the grain size is independent of the time 
and the temperature of the anneal and, for a given material, is dependent 
only upon the degree of deformation. In this respect, high-purity 
aluminum is similar to alpha brass. 


DISCUSSION 
(W. P. Sykes presiding) 


P. A. Beck,* Barber, N. J. (written discussion),—This paper contains the best 
data now available on the effect of the heating rate on the recrystallized grain size. 
Another point that is well demonstrated by the authors’ work is that the heating rate 
effect is not found whenever the grain size is determined by grain growtht (coalescence) 


* Central Research Laboratory, American Smelting and Refining Co. 

} In this discussion I will adhere to the nomenclature used by Dr, R. F. Mehl in 
his article on Recrystallization, Metals Handbook 1939, The authors of the present 
article use the term “coalescence” in the sense that “grain growth” is used by 
Dr. Mehl. 
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or by a combination of recrystallization and grain growth rather than by recrystalliza- 
tion alone. Such conditions have been shown to exist at the higher annealing tem- 
perature (950° F.) for both class I and class II alloys. The question arises whether 
or not the apparent absence of the effect with class I (single-phase) alloys at the lower 
annealing temperature (750° F.) is also due to the same cause; namely, grain growth. 
That grain growth actually occurs at that temperature, at least if the deformation 
is high, has been pointed out by the authors themselves. However, the question still 
remains open for the lower deformations. It is, of course, difficult to decide whether 
or not grain growth has occurred. Furthermore, the authors state that in this region, 
where the number of grains per square millimeter is small, their grain counts are less 
accurate. Consequently, it might perhaps be even questioned whether the heating- 
rate effect is actually absent. Such doubts are substantiated by the data on 2 per 
cent Zn alloy in Table 2. The only samples of this alloy that have attained fully 
recrystallized structure, yet probably did not undergo grain growth, are those with 
10 per cent deformation, and for this deformation the table actually shows a heating- 
rate effect in the right direction. But even if there be no effect, in the range of heating 
rate here used, the effect might well be obtained, for instance, if the heating rates were 
lower. Therefore, as long as these questions remain open, we are facing at least three 
possible conclusions regarding the heating-rate effect in the absence of grain growth: 

The first conclusion, that of the authors, is that the heating-rate effect is absent 
whenever the alloy consists of a single phase and is present if the alloy has more 
than one phase. 

The second possibility is that the heating-rate effect always occurs whenever 
grain growth is definitely excluded. From the standpoint of the second possibility, 
it is of no importance whether the alloy consists of one or of two phases. The decisive 
factor is the occurrence or absence of grain growth. The presence of a second phase is 
important only in so far as it retards or suppresses grain growth, and thus extends 
the range in which the grain size is determined by recrystallization alone. 

Which of the two conclusions, if either, is correct cannot be decided on the basis 
of the data here presented. However, I would like to refer to the well-known painful 
experience of several investigators in their efforts to produce single crystals of pure 
metals and of solid solutions by the recrystallization method; namely, that the samples 
have to pass extremely slowly through the critical temperature range where recrystal- 
lization is just beginning. If the heating rate is too high, so that the first new crystal 
has no time to absorb all of the deformed material before a certain somewhat higher 
temperature is reached, some additional new grains will start to grow and the sample 
becomes a polycrystal instead of a single crystal. This would indicate that the heating- 
rate effect may exist even if there is no second phase present. 

The third possibility, and perhaps the most likely one, is that, while the presence 
of a second phase enhances the effect of the rate of heating, this effect may also occur 
in single-phase metals, at least under certain conditions, such as low deformations 
and low rates of heating. 

In the second part of their paper the authors show that in the deformation and 
temperature range used in their work, the effect of the annealing temperature on the 
grain size is relatively small. That there is some effect is, however, clearly shown by 
their own Fig. 1. Of the three points, corresponding to the annealing temperature 
of 662° F., two are very considerably high, the third one is on the curve. Of the seven 
points, corresponding to the annealing temperature of 752° F., five are too high, one 
is on the curve, and one is below. These large grain sizes, corresponding to the two 
lowest annealing temperatures, seem to have been ascribed by the authors to the 
scattering of the data. I feel, however, that we are justified in trusting their data 
more than they do themselves, and in interpreting these systematic deviations in 
accordance with previous experience. Should the authors extend their observations 
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to still lower annealing temperatures, and give their samples long enough anneals to 
cause recrystallization at small deformations, they would probably find still larger 
grain sizes, in accordance with the single-crystal experience referred to above. There 
cannot be much doubt that in this region the grain size actually increases with decreas- 
ing temperature. 

The fundamental solution of all these problems could be most adequately given 
in terms of the two factors of recrystallization: number of nuclei and velocity of 
growth. The effect of varying temperature, of deformation and of minor additions 
on both of these factors shoulé be studied separately. The near independence of the 
recrystallized grain size from the annealing temperature, as found by the authors 
within certain limits, means either that both factors are independent of temperature, 
or, more likely, that both the number of nuclei and the velocity of growth increases 
with increasing temperature in such a way as to nearly balance each other’s influence 
on the grain size. It seems, owever, that with decreasing temperature this balance 
is gradually offset by the fact that the number of nuclei is decreasing more rapidly 
than the velocity of growth, resulting in fewer and larger grains. The major effect 
of a second phase is to decrease the linear velocity of growth both in grain growth 
(coalescence), and in recrystallization. This is nicely confirmed by the present 
authors’ work. 


Z. Jerrries,* Cleveland, Ohio (written discussion).—The authors are to be con- 
gratulated for the presentation of many new facts on grain growth. They have set 
forth the factual data clearly so that they are available to all metallurgists in the future. 
Workers in this field realize that it is difficult to exactly reproduce grain size in dupli- 
cate experiments: furthermore, it is difficult to measure it exactly. Within such 
limits, however, it may be expected that other investigators would presumably 
duplicate the results reported by these authors. 

Although the results reported could not be specifically predicted, apparently they 
are not inconsistent with many investigations that have been reported in the past. 
Furthermore, if the alloys containing two phases are considered from the standpoint 
of one phase acting as a foreign substance to obstruct grain growth, the results fall 
nicely into existing generalizations. Most of the results may be classified as normal, 
but there are some abnormalities. For instance, in Table 5 the 99.3 per cent Al 
sample that was reduced 10 per cent and heated to 950° F. exhibits what may be called 
abnormal grain growth; that is, the conditions were germinative. The slow heating 
produced grains }¢ in. in diameter, whereas the fast heating yielded four grains per 
square millimeter. On a three-dimension basis, this means that the rapidly heated 
piece had about two hundred times as many grains as the piece that was heated slowly. 
While this is not an extreme case of germination, it is definite. 

Presumably, this result was produced by even heating; that is, with no substantial 
temperature gradients. When strong temperature gradients are introduced, greater 
abnormality may obtain. Under such conditions, even single-phase metals may show 
abnormal grain growth. Grain growth in tungsten, under certain conditions, is one 
good example, and the production of single crystals of silicon steels by Ruder is 
another, Presumably, both the tungsten and the silicon steels may be regarded for 
practical purposes as single-phase metals. Ruder’s experiments with silicon steels 
consisted of mildly deforming strips at room temperature, then heating one end to a 
temperature in the grain-growth range and passing the strip through the highly heated 
zone at a rate not faster than the velocity of grain growth. In this way, a large 
crystal formed originally at one end of the strip may grow at the expense of all the 
other grains or grain fragments, thus producing a single crystal. 
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Another method of producing single crystals in some metals is to moderately strain 
the whole specimen and then heat slowly to a very high temperature. Heating 
rapidly to the very high temperature may result in many grains: in such cases the 
heating rate is important even though there are no substantial temperature gradients. 

It is interesting that the authors’ results point to the presence of a second phase 
in the grain-growth temperature range as a factor affecting abnormal growth. It is 
probable that there are nonmetallic impurities present, which also have a bearing on 
grain growth, and that these may modify the results somewhat. 

The authors interpret their X-ray data as suggesting that the samples heated at 
the most rapid rate have a greater capacity for recrystallization than have those 
heated at slower rates. They state that the salt bath used for rapid heating was super- 
heated slightly to compensate for the temperature loss when the samples were 
immersed. May it not be possible that the samples so immersed actually received a 
different heat-treatment from those treated in muffles? In other words, may not the 
samples heated in the salt bath have actually been given a higher temperature treat- 
ment than those treated in the muffle? 


L. W. Kempr,* Cleveland, Ohio (written discussion).—The authors have made a 
distinct contribution to our knowledge of recrystallization phenomena. ‘The struc- 
tural characteristics of metals have long been known to have a considerable effect on 
its recrystallization characteristics. In this paper the authors have begun the quanti- 
tative definition of these effects. The internal structure has been demonstrated to 
have marked effect on recrystallization characteristics, perhaps also some attention 
should be directed to the effect of external or gross shape on recrystallization and grain 
growth. Most of the phenomena referred to by Dr. Jeffries as abnormal grain growth 
have been observed in fine wire or thin sheet where at least one surface of the grain 
lies in the bounding surface of the structure itself. It appears conceivable that the 
recrystallization and grain-growth tendencies of the metal would be different when 
completely surrounded by other similar grains than when a portion of the grain was 
an external surface of the structure. Perhaps even mechanical fibering in a polyphase 
material might function in a manner similar to an external surface, 


D. W. Smiru,+ New Kensington, Pa. (written discussion).—Dr. Jeffries and Dr. 
Beck have pointed out that in order to produce single crystals by the “strain-anneal”’ 
method it is necessary to gradually raise the temperature after straining. They 
emphasized that if the temperature is raised too rapidly, a polycrystalline structure 
results. I should like to point out that if the raising of the temperature is too gradual 
at low temperatures, a polycrystalline structure also results. 

The following procedure is used at the Aluminum Research Laboratories for 
making single-crystal bars of high-purity aluminum: 

1. The desired shape and size of bar is machined from hard-rolled slab. 

2. The bar is then annealed 6 hr. at 550° C. 

3. The annealed bar is then stressed in tension to produce a permanent elongation 
of 1.5 to 2.0 per cent in the gauge length. 

4. The strained bar is put in a furnace at 450° C.; ie., the bar is heated rapidly 
to this temperature, and held for 24 hours. 

5. The temperature of the furnace is raised 20° C. per day until 600° C. is attained. 

6. Finally, the bars are annealed 48 hr. at 625° to 650° C. and furnace-cooled to 


room temperature. 


* Aluminum Research Laboratories, Aluminum Company of America, 
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If the strained bars are put in a cold furnace and heated more slowly to 450° GS 
no recrystallization or grain growth occurs during the treatment, and the grain struc- 
ture remains substantially as it was after the first anneal of 6 hr. at 550° C. 


F. T. McGuire,* Cambridge, Mass. (written discussion).—One point must be 
proved before we can accept the conclusion that in aluminum alloys consisting of two 
phases the heating rate affects the grain size in such a way that the large grain size is 
obtained by slow heating; that is, that recrystallization has not been completed earlier 
in the slower heating with coalescence causing the grain size to become larger. This 
point could be proved by annealing at a somewhat lower temperature, which would 
require a longer time, and in this way make the difference in time of heating to tem- 
perature for the slowly heated specimen and the rapidly heated specimen rather 
insignificant compared to the time at temperature. A further check would be to 
keep some of the rapidly heated specimens at temperature for various lengths of time 
in order to show that the coalescence obtained is not sufficient to account for the 
larger grain size of the slowly heated specimen. 

The authors conclude that the recrystallized grain size of single-phase alloys is 
not a function of heating rate. It seems to me that there should be the same depend- 
ence of grain size on heating velocity as in the two-phase alloys. I believe that 
the results obtained in the 99.95 per cent Al alloy given a 5 per cent reduction that 
show the same grain size for all heating rates may be explained on the basis of coales- 
cence erasing a possible difference in grain size. This could be cleared up by making 
time at temperature a variable to conclusively prove the point. 

The authors have mentioned that the grain sizes listed may actually be the result 
of recrystallization plus some coalescence. These two phenomena are not distinct 
and this point demands great emphasis. It is highly improbable that there is not 
an overlap of the two. Thus the grain size listed in any case could never be larger 
than that observed but may be much smaller, and the difference being accounted for 
by coalescence before recrystallization in the specific sense is completed. 


L. W. Eastwoop anp R. W. James (written discussion).—Dr. Beck has raised 
some interesting points. Of the three possible conclusions he has made, the first 
coincides with that made by the authors. The second has an element of possibility in 
it, but class I alloys annealed at 750° F. after low deformation undergo very little or no 
coalescence after recrystallization. However, the data indicate that no heating-rate 
effect exists, hence Dr. Beck’s second conclusion appears somewhat doubtful. Since 
the data are not complete, Dr. Beck has raised a point worthy of further study. 
Certainly, as pointed out on page 130, subsequent coalescence may eliminate previously 
existing heating-rate effects. 

The temperatures and heating rates used in this investigation are limited to a 
range corresponding roughly to that which might be encountered in commercial 
procedures. Of course there is an enormous range of heating rates slower than those 
used by the authors. The conclusions in this paper necessarily can apply only to the 
range of variables covered in this investigation. The well-known observations regard- 
ing the production of single crystals cited by Dr. Beck are very interesting, but the 
conditions involved in these procedures are considerably outside of the range of heating 
rates used in this investigation. They are also outside the heating-rate limits gen- 
erally encountered in commercial operations. 

Dr. Beck has attached some significance to certain scattering of the data on grain 
sizes obtained after annealing at 662° F. It will be observed in Figs. 1 and 2 that only 
two of the seven points lie higher than the normal scattering of the rest of the data. 
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If there were a real coarsening at low temperatures, as suggested by Dr. Beck, 
should be more consistently apparent. However, since the data are obviously coe 
quate in the low-temperature, long-time anneal range, the point is worth check- 
ing further. 

Dr. Jeffries’s reference to the 99.3 per cent Al sample reduced 10 per cent and 
heated slowly to 950° F. (Table 5) is interesting. According to the generally accepted 
view expressed by Dr. Jeffries in “The Science of Metals,” “normal” grain growth 
occurs when the grain size is larger the higher the heating temperature, the longer the 
time at temperature and the lower the degree of deformation, all other factors being the 
same. “Abnormal” grain growth, therefore, must occur when the above generaliza- 
tions do not hold. Table 5 shows that the particular specimen referred to follows the 
normal grain-growth “laws,” at least on the basis of the limited data in the table. 
It is true that this sample had an unusually large grain size, but should this be con- 
sidered a real instance of ‘abnormal’? growth? Perhaps a revised definition of 
“abnormal’’ grain growth is desirable to reconcile the divergent opinions that seem to 
exist. All of the data presented in this paper are in accord with the general principles 
of “normal” grain growth cited above. 

There are no doubt some relatively rare cases of real ‘‘abnormal”’ grain growth; 
that is, growth that does not conform to the present accepted ‘“laws”’ of recrystalliza- 
tion. An explanation for such growth along the lines suggested by Mr. Kempf appears 
logical, though it must be admitted that no systematic investigation has been made. 
A study of these effects would perhaps serve to clarify the present status of the 
so-called ‘“‘abnormalities”’ that are sometimes encountered in investigations involv- 
ing recrystallization. 

Dr. Jeffries suggests that the greater capacity for recrystallization noted in the 
rapidly heated specimens may actually be a function of the different heat-treatment 
involved by slightly superheating the bath to correct for the temperature drop when 
the specimens were immersed. While this raises a point apparently worthy of some 
consideration, additional information concerning the experimental procedure, which 
was not included in the paper, may explain why the authors do not feel that the samples 
in question were significantly overheated. The specimens were loosely packed in 
large bundles with dividers providing considerable space between the aluminum strips. 
When the bundles were immersed in the bath they were moved about to assure imme- 
diate and complete contact of-the specimens and the fused salt. The pyrometer 
indicated that the bath dropped to the desired temperature in less than one minute. 
Making some allowance for pyrometer lag and for the time required for the center of 
the strips to come up to temperature, it seems rather improbable that there could have 
been any appreciable overheating. It is possible that the surface of the strips may 
have momentarily exceeded slightly the intended temperature but this seems of little 
consequence inasmuch as all microscopic and X-ray data were obtained from dis- 
tinctly subsurface planes. 

Mr. McGuire suggests that the heating-rate effect may really be nonexistent, the 
effect noted being a result of holding the specimen a longer time at elevated tempera- 
ture. He suggests that when the specimens are slowly heated the grains are coarser 
because of coalescence. This explanation is attractive because it is so simple. How- 
ever, it is well known that a second phase, which acts as an obstruction to grain growth, 
retards coalescence. Hence, if this explanation were correct, a heating-rate effect 
should not be pronounced in a two-phase alloy such as those listed in Table 4, but 
should be quite evident in the single-phase alloys of Table 2. Obviously the opposite 
is true. : 

The point raised by Mr. MeGuire 4 in his third eae has been covered in the 
reply to Dr. Beck’s discussion. 


Development of Abnormally Large Grain Sizes in 
Rolled and Annealed Copper Sheet 


By Maurice Coox* anp C. Macquarinf 
(Detroit Meeting, October, 1938) 


NorMaLLy the grain size of cold-rolled and annealed copper sheet is 
of the order of 0.02 to 0.06 mm., and 0.1 mm., for example, would, for 
many purposes, be regarded as undesirably large. The occurrence of 
very large grain sizes in a few isolated cases of copper sheet led the 
authors to inquire into the causes giving rise to such unusual results. 
During the course of this work a very large number of experiments have 
been carried out to determine the effect of varying the conditions of the 
final and penultimate rolling and annealing operations, as well as of earlier 
rolling and annealing treatments. A correspondingly large number of 
observations have been made, but within the space of one paper it is 
possible only to outline relatively briefly what appear to be the more 
important of these experiments and observations. The presentation 
of the results does not follow chronologically the order in which the 
experiments were carried out and they have been rearranged for the sake 
of simplicity. 

In recent years a considerable amount of work has been done in con- 
nection with the recrystallization and grain growth in metals and alloys 
that take place on annealing, and a number of generalizations have been 
reached. It is known that the crystal size in wrought material in the 
annealed condition depends on a number of factors, including the time 
and temperature of the annealing operations and the nature and amount 
of cold-work to which the material has been subjected. Results, however, 
that are not covered by these generalizations can be obtained, which, in 
some instances, may even appear to be contradictory to them. Accord- 
ing to these generalizations gradual changes in grain size are effected by 
progressive variation of the factors involved in annealing or cold-working. 
The work recorded in the present paper, however, relates to the develop- 
ment of grain sizes which are far beyond those normally encountered 
in ordinary annealing operations and far in excess of grain sizes which, 


Manuscript received at the office of the Institute June 7, 1938. Issued as T.P. 974 
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according to ordinary standards, would be classified as coarse or large. 
Moreover, the development of these is often brought about quite abruptly 
during the progressive alteration of some one factor in the annealing or 
rolling operations. 


EXPERIMENTAL PROCEDURE 


When abnormally large crystal sizes such as those discussed in this 
paper are being considered, the use of numerical values in millimeters is 
not very satisfactory, because the variation in size is frequently con- 
siderable. The presentation of results in graphical form is scarcely more 
satisfactory because of the enormous difference between strip possessing 
grain sizes of the usual order and that showing an abnormally large grain 
size. The grain-size results are given in the form of tables and the letter 
L is used to denote what is regarded as an abnormally large crystal size, 
which means that the strip contains, and, in fact, is composed for the main 
part of, crystals that, generally speaking, are at least 20 or 30 mm. across 
and range in size up to 60 or 80 mm. and even more. 

As will be seen later, large crystals are obtained only in certain 
qualities of relatively pure copper by observing the conditions that have 
been established, and with less pure copper and copper lightly alloyed 
deliberately, large crystals are not produced when the same rolling and 
annealing procedure is followed. While the paper is concerned only 
with the effect of rolling and annealing conditions on the development of 
abnormally large grain sizes, a few experiments on annealing standard 
tensile-test pieces of copper strip were made and may be noted briefly, 
although they yielded negative results. 

Standard tensile-test pieces 2 in. long and 14 in. wide in the gauge 
portion were cut from soft O. R. C. copper strip 0.064 in. thick, normal 
to the rolling direction. (For composition, see Table 11.) Test pieces 
were stressed in a tensile machine and two series obtained with permanent 
extensions of 1, 2, 3, 4, 5, 10, 20, 30, 40, and 50 per cent. Specimens from 
the series of test pieces cut normal to the rolling direction were annealed 
at 450°, 550°, 650°, 750° and 850° C. for one hour, but no abnormally 
large grain size was developed, the limits of 0.02 or 0.03 to 0.06 mm. 
covering the whole combination of extensions and annealing tempera- 
tures. In view of these results, specimens from the series of test pieces 
cut in the rolling direction and subjected to different extensions were 
annealed only at 550° and 850° C. for one hour and the resulting extreme 
limits of grain size were 0.03 to 0.05 or 0.06 mm. It is of interest to note 
that this material from which the tensile-test pieces were cut developed a 
large crystal size (of the order of 20 mm.) when it was reduced 50 per cent 
in thickness by cold-rolling in a direction normal to the previous rolling 
and finally annealed for one hour at 800° C. 
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DEVELOPMENT OF LARGE CRYSTALS IN STRAIGHT-ROLLED METAL 


The basis material for most of the experiments was copper strip about 
0.45 or 0.50 in. thick, which originally was hot-rolled from O.R.C. ingots 
measuring approximately 40 in. in length, 24 in. in width and 31¢ in. in 
thickness, and weighing about 1000 Ib. Numerous preliminary experi- 
ments showed that essential conditions for developing abnormally large 
crystal sizes in the particular quality of copper under consideration were 
a high final annealing temperature and a heavy final cold-rolling reduction. 

Effect of Final Annealing Temperature—In order to determine the 
effect of the final annealing temperature, strip hot-broken down to 
(.45-in. thickness from the original ingot thickness of 314 in. was cold- 
rolled without any intermediate annealing to a thickness of 0.008 in., 
corresponding to a reduction of 98 per cent. Samples of this material 
were annealed for one hour at temperatures ranging up to 1000° C. 
Grain-size measurements were made after the annealing treatments, and 
the results are given in Table 1, which shows that the increase in grain 


TaBLE 1.—Effect of Final Annealing Temperature 
Material Hot-rolled to 0.45 In., Cold-rolled to 0.008 In. (98 Per Cent Reduction), 
Annealed One Hour. 


Annealing tempera- 


ture, deg. C.......| 500 600 700} 800 850 900 925 950 975 1000 


Grain size, mm...... 0.03/0.03-0.04)0.04/0.04 Dera oe 0.04-0,.05)0.05)0.07—0.10) Z 


size in raising the final annealing temperature from 500° to 975° C. is 
relatively slight. When, however, the annealing temperature is raised 
to 1000° C. a remarkably large crystal structure results (Fig. 1). Fig. 2 
shows the structure of the same copper subjected to identical rolling and 
annealing treatments, except that the final annealing was carried out at 
900° instead of at 1000° C. 


TABLE 2.—Effect of Cold-rolling Reduction 
Material Hot-rolled to 0.45 In., Cold-rolled and Finally Annealed One Hour at - 


1000° C. 
Cold-rolling — re- 
duction, per 
GONt Aarne = 4.2/11.4) 25.0 53.2 |75.4 


Wabi ne Ne cag ada gt hs gs 


——_—_—— | | 


Grain size, mm.../0.04/0.04/0.04—0.05|0.04—0.05/0.05 


Rae L | 1D Wh | ob. 


Effect of Cold-rolling Reduction.—To determine the effect of the 
magnitude of the cold-rolling reduction following hot-rolling, strip hot- 
broken down to 0.45 in. thick from the original 34%4-in. ingot was cold- 
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rolled without any annealing down to 0.008 in., corresponding to a cold 
reduction of 98 per cent, and samples were taken at various stages of 
cold-rolling. These were then all annealed for one hour at 1000° C. The 


C. NATURAL SIZE. 


° 


Fic. 1.—LARGE CRYSTAL STRUCTURE DEVELOPED BY ANNEALING AT 1000 


resulting grain sizes are indicated in Table 2, which show that, providing 
the cold-rolling of the hot-broken strip exceeds about 96 per cent, very 
large crystal sizes similar to that shown in Fig. 1 are developed on 
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annealing at 1000° C, Fig. 3 illustrates the very much finer structure 
obtained in the same material, finally annealed at 1000° C. when the 
cold-rolling reduction is 92 per cent. 

To obtain still more information relative to the amount of cold- 
rolling, prior to finally annealing at 1000° C., a hot-rolled strip 0.45 in. 
thick was cold-rolled to the different thicknesses shown in Table 3. 


Fic. 2,—SAME COPPER AS IN Fic, 1 BUT ANNEALED AT 900° C. XX 50. 
Fic. 3.— FINE STRUCTURE IN MATERIAL ANNEALED AT 1000° C. WHEN COLD-ROLLING 
REDUCTION IS 92 PER CENT. XX 50. 


These materials were all annealed at 600° C. for one hour and then 
cold-rolled to the same final thickness; that is, 0.008 in. The grain sizes 
of these specimens, subjected to a final cold-rolling reduction of the 
magnitude indicated in Table 3, are included in the same table. The 
results not only confirm those obtained from the experiments recorded 
in the previous paragraph, but show that the large cold-rolling reduction 
and high final annealing temperature necessary for the production of 
large crystals obtain, irrespective of whether the material was in the 
hot-rolled state or in the fully annealed condition after a relatively light 
or very severe cold-rolling, following the initial hot-rolling. 

Effect of Total Amount of Cold-rolling and Temperature of Penultimate 
Annealing.—The foregoing experiments indicate clearly the necessity 
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for a high final annealing temperature and a heavy final cold-rolling 
reduction. Some further observations were made to determine the 
effect of interposing an intermediate annealing in the cold-rolling carried 
out to effect the reduction from the hot-rolled material at a thickness of 
0.45 in. down to a final thickness of 0.008 in. In this series the hot- 
rolled strip was reduced to 0.08 in. by cold-rolling, corresponding to a 
reduction of 82 per cent. Samples cut from it at this stage were then 
annealed at different temperatures ranging up to 1000° C. as shown in 
Table 4, and all the samples were then finally cold-rolled to 0.008-in. 
thickness, which corresponds to a final cold-rolling reduction of 90 per 
cent. After annealing at 1000° C. the grain sizes in these strips were 
determined (Table 4) and show that provided the penultimate annealing 
temperature does not exceed 550° C. very large crystal sizes are obtained 
with a final rolling reduction of 90 per cent. If the penultimate annealing 
temperature exceeds 600° C., the grain sizes in the finally annealed 
materials are normal. 

The object of the next series of experiments was to ascertain, with 
metal hot-rolled to 0.45 in. thick, the smallest final cold-rolling reduction 
that would bring about large grain sizes when finally annealed at 1000° C. 
with an intermediate annealing at 550° C. introduced. For this purpose 
hot-rolled strip at 0.45 in. was cold-rolled to the various gauges indicated 
in the second column of Table 5. All the materials were then annealed 


TaBLE 5.—Effect of Interposing an Annealing Operation of One Hour’s 
Duration at 550°C. at Different Stages in a Total Cold-rolling Reduction 


of 98.2 Per Cent 
Material Finally Annealed One Hour at 1000° C. 


ree Gauge for : F 
Gangs, | mediate | Gauge, . (Redaction, | of Tout’ | Redvoten, | afrereis | Grau eames 
In. Sah pe In. Per Cent | Reduction | Per Cent’ | Reduction Mm. 
0.450 0.400 0.008 LO like 98.0 88.7 L 
0.450 0.350 0.008 22.3 22.6 97.5 77.4 L 
0.450 0.300 0.008 33.3 34.0 97.0 66.0 L 
0.450 0.250 0.008 44.2 45.2 96.5 54.8 L 
0.450 0.200 0.008 55.5 56.7 96.0 43.3 L 
0.450 0.150 0.008 66.6 68.0 94.5 32.0 L 
0.450 0.100 0.008 Tila 79.1 92.0 20.9 L 
0.450 0.075 0.008 83.0 84.5 89.0 15.5 L 
0.450 0.060 0.008 86.8 88.0 86.5 12.0 L 
0.450 0.050 0.008 89.0 90.5 84.0 9.5 15-20 
0.450 0.040 0.008 91.0 93.0 79.5 7.0 10-15 
0.450 0.030 0.008 93.1 95.4 73.2 4.6 10-15 
0.450 0.020 0.008 95.5 97.5 60.0 2.5 10-15 
0.450 0.015 0.008 96.5 98.5 46.5 Lo 15-20 
0.450 0.010 0.008 97.8 99.5 20.0 0.5 \0.05-0.06 
SE 
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at 550° C. and finally cold-rolled to 0.008-in. thickness. The amount of 
the first cold-rolling reduction is given in the fourth column of Table 5 
and the amount of the second, or final, cold-rolling reduction in the sixth 
column. ‘The values given show that a large crystal size is obtained by 
finally annealing at 1000° C. with a final cold-rolling of 85 per cent or 
more, provided the penultimate annealing temperature is of the order 
of 550° C. 


DEVELOPMENT OF LARGE CRYSTALS BY Cross ROLLING 


In the production of sheets it is quite a usual practice to subject the 
metal at some stage of manufacture to cross rolling and it was, in fact, 
during the annealing of cross-rolled copper that the presence of very large 
crystals was first noticed, although these were not as large as those 
referred to in the foregoing section, and, moreover, there was a con- 
siderable difference in the appearance of the two types of large crystals. 
Preliminary observations showed that if ingots were hot-broken down to 
about 0.50 in., cold-rolled in the same direction to about 0.064 in., annealed 
and then cross-rolled, the development of large crystal size depended on 
the magnitude of the penultimate rolling reduction and of the final cross- 
rolling reduction and on the temperature of the penultimate and final 
annealing operations. 

Effect of Final Annealing Temperature.—F¥or determining the effect 
of the final annealing temperature on the grain size, copper produced 
in the following manner was used: hot-rolled to 0.5 in. from the original 
ingot thickness of 314 in., reduced 87 per cent in thickness by cold-rolling 
to 0.064 in., annealed at 450° C. for 214 hr. and cross-rolled to 0.026 in. 
This hard strip was annealed at temperatures varying from 450° to 
1000° C. The resulting grain sizes are given in Table 6, and show 


TaBLeE 6.—Effect of Final Annealing Temperature 
Material Hot-rolled to 0.5 In., Cold-rolled to 0.064 In. (87 Per Cent Reduction), 
Annealed at 450° C. Cross-rolled to 0.026 In. (59 Per Cent Reduction) and 
Annealed One Hour. 
iy 
Leal 
ne 


Final annealing tempera- 
hurendeg Cs ao ecice ccc cee 400} 500} 600 700 750 | 775 


Grain size, mineral foe. 0.03 0.03/0.03-0.04/0.02-0.03 10-15 ears 7-10 7-10|7-8 


800 | 825 | 850) 875 |900 925,950,975} 1000 


5-7|2-3}1.0)0.5-1.0 


clearly that sheets rolled in accordance with the above procedure develop 
abnormally large grain sizes if the annealing temperature reaches 750° C. 
With annealing temperatures above 800° to 850° C., the crystal size 
gradually decreases until with a final annealing temperature of 1000° C. 
the grain size, although large according to ordinary standards, 1s rela- 
tively small compared with the maximum obtained by finally annealing 


at 800° C. 
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The large crystals produced in this way—that is, on material finally 
cross-rolled—are of the order of 10 to 30 mm., and, unlike the larger grains 
produced by straight rolling, they are free from acicular markings and 
tend to be more equiaxed. A typical specimen is illustrated in Fig. 4. 
The other outstanding difference between the straight-rolled and the 
cross-rolled material is that in the former, provided the other necessary 
conditions are complied with, the grain size increases with the final 
annealing temperature up to 1000° C., which was the highest used, 


Fia. 4.—LARGE CRYSTALS IN CROSS-ROLLED MATERIAL. NATURAL SIZE. 


whereas with the cross-rolled material the grain size reaches a maximum 
with a final annealing temperature of about 800° C. 

Earlier observations, recorded in Table 1, have shown that a tempera- 
ture of 800° C. for the final annealing operation is not high enough to give 
rise to large crystals, even with a final cold-rolling reduction of 98 per cent 
and if the final annealing were carried out at 1000° C. large grains wold 
not be produced in copper reduced in one stage from 0.5 to 0.026 in. 
since the reduction is only 94 per cent. (See Tables 2 and 3.) 

Effect of the Magnitude of the Final Cross-rolling Reduction —To 
determine the effect of the magnitude of the final cross-rolling reduction 
strip produced at a thickness of 0.064 in. by the process outlined shove 
was annealed at 450° C. and cross-rolled to gauges ranging from 0.058 
to 0.010 in., corresponding to reductions of 10 to 90 per cent in thickness. 
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Some of the same material at a thickness of 0.064 in. was, after annealing 
at 450° C., rolled in the same direction as the previous rolling, to the same 
range of gauges. All the samples were then finally annealed for one hour 
at 800° C. The grain sizes on the resulting strips are detailed in Table ae 


TABLE 7.—Effect of Varying Amounts of Cold-rolling 
Material Hot-rolled to 0.5 In., Cold-rolled to 0.064 In. (87 Per Cent Reduction), 
Annealed at 450° C. One Series Cross-rolled and the Other Straight-rolled, Both 


Annealed One Hour at 800° C. 
ce a a Le eee ee ee 


Grain Size, Mm. 
Amount of Reduction, 5 
Per Cent Final Gauge, In. 
Reduction by Cross Reduction by Straight 

Rolling Rolling 
10 0.058 0.03 0.03 
20 0.051 0.03 0.03 
25 0.048 0.03 0.03 
30 0.045 5-7, 0.03-0.04 0.02-0.03 
40 0.038 10 0.03 
50 0.032 5-7 0.03 
60 0.026 10 0.03-0.04 
70 0.019 5-7, 0.038-0.04 0.02-0.03 
80 0.013 0.02-0.03 0.02-0.03 
90 0.010 0.02-0.03 0.03-0 .04 


and confirm earlier results obtained in straight rolling, show the difference 
between the effect of cross and straight cold-rolling in the final stage, and 
indicate that large grains are developed on finally annealing at 800° C. 
with a cold-rolling reduction ranging between about 30 and 70 per cent. 
With reductions outside this range the final grain size is normal. 


TaBLE 8.—E ffect of Penultimate Annealing Temperature 
Material Hot-rolled to 0.5 In., Cold-rolled to 0.064 In. (87 Per Cent Reduction), 
Annealed at Temperatures Indicated, Cold-rolled to 0.032 In. (50 Per Cent 
Reduction) and Finally Annealed One Hour at 800° C. 


| 


450) 500 |550,600|/650/700| 725 750| 775} 800 


Penultimate annealing tempera- 


ture; deg. Cr. cgwescsieroreacad 300 | 350 | 400 


15-17|15-17|17-20| 20|10-12} 10)5-7|5-7} 5) 5and |0.04/0.04)0.04 
0.04-0.05 


150} 200) 250 


0.03)0.03)10-12 


Final grain size, mm........... 


Effect of Penultimate Annealing Temperature.—For determining the 
effect of the penultimate annealing temperature, samples cut from strip 
hot-broken down to 0.5 in. and cold-rolled to 0.064 in. were annealed for 
one hour at temperatures ranging up to 800° C. These materials were 
then cross-rolled with the usual 50 per cent reduction to 0.032-in. thick- 
ness and finally annealed at 800° C. The results of grain-size determina- 
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tions are given in Table 8, and show that for material finally cross-rolled 
there is a range of temperatures for the penultimate annealing operation 
that leads to the production of large crystals on finally annealing at 
800° C. The optimum temperature appears to be of the order of 450° C., 
and from this temperature upward the final grain size gradually decreases 
until at 750° C. or more the grain size of the finished strip is normal. 
Effect of Magnitude of Penultimate Rolling Reduction.—Just as the 
temperature of the penultimate annealing operation influences the forma- 
tion of abnormally large grain size in finished sheet, so also do variations 
in the magnitude of the penultimate rolling reduction. Samples of hot- 
rolled copper at 0.50 in. were cold-rolled with reductions of 72 to 98 per 
cent, annealed at 450° C. for one hour, cold-rolled 50 per cent in thickness 
by cross rolling and finally annealed at 800° C. for one hour. The effect 
of the penultimate reduction on the final grain size is shown in Table 9. 


TABLE 9.—Effect of Penultimate Cold-rolling Reduction 
Material Hot-rolled to 0.5 In., Cold-rolled by Amounts Indicated, Annealed at 
450° C., Cross-rolled with 50 Per Cent Reduction to Thickness Given in Second 
Column, and Finally Annealed One Hour at 800° C. 


Penultimate Reduction, Penultimate Gauge, Final Gauge, Grain Size, 

er Cent In. In. Mm. 
72 0.140 0.070 0.03 
75 0.124 0.062 0.03 
80 0.100 0.050 0.038 
84 0.080 0.040 15-20, 0.03-0.04 
85 0.075 0.0375 20-25 
87 0.064 0.032 25-30 
90 0.050 0.025 25 
95 0.025 0.0125 0.02 
98 0.010 0.005 0.02 


The development of large grains occurs to a small extent with a penulti- 
mate rolling reduction of 84 per cent, and becomes more marked as the 
magnitude of the rolling reduction increases, until a maximum is reached 
at 85 to 90 per cent. With reductions of between 90 and 95 per cent, 
large crystals are no longer formed after the final annealing, and with 
reductions of 95 per cent and more the strip is fine grained. The large 
grains, therefore, are formed over only a small range of penultimate 
rolling reductions. 


CONFIRMING EXPERIMENTS 


The foregoing results indicate that the conditions giving rise to a large 
grain size are different, in respect of the final annealing temperature and 
the magnitude of the final rolling reduction, when the rolling is unidirec- 
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tional throughout and when the last rolling reduction is normal to the 
direction of previous rolling. Further experiments were made to ascer- 
tain the effect of annealing at 1000° C. material that had been finally 
cross-rolled with a reduction in thickness of 87 per cent, which is outside 
the range known to give the maximum grain size on annealing at 800° C. 
(Table 7). In order to obtain strictly comparable results and a check on 
the conclusions already reached regarding the conditions necessary for the 
production of abnormally large grain sizes, the experiment was extended 
to include observations on material that was finally cross-rolled and 
straight-rolled with reductions of two different magnitudes. 


TaBLE 10.—Comparison between Straight and Cross Rolling at Final 
Reduction 
Material Hot-rolled to 0.5 In., Straight-rolled to 0.064 In. (87 Per Cent Reduction), 
Annealed at 450° C. and Finished to 0.032 In. (50 Per Cent Reduction) and 
0.008 In. (87 Per Cent Reduction) by Straight and Cross Rolling, and 
Finally Annealed One Hour at Temperatures Indicated 


Grain Size, Mm. 
Final 
Annealing Cross-rolled Straight-rolled 
ears, 

af From 0.064 to From 0.064 to From 0.064 to From 0.064 to 

0.032 In. 0.008 In. 0.032 In. 0.008 In. 
500 0.03 0.03 0.03 0.03-0.04 
600 0.03 0.03-0.04 0.03 0.03-0.04 
700 0.03 0.03 0.038 0.04 
750 0.03-0.04 0.03 0.03-0.04 0.03-0 . 04 
775 0.04 and 7 0.03-0.04 0 .03-0. 04 0.03-0.04 
800 10-15 0.04 0.03-0 . 04 0.04 
825 10-20 0.04 0.04 0.04 
850 8-10 0.04 0.04-0.05 0.04—0.05 
875 8-10 0.03—0.04 0.04-0.05 0.04 
900 0.03-0.04 and 10 0.03-0 .04 0.04 0.04 
925 0.03-0.04 and 3 0.04 0.04-0.05 0.04-0.05 
950 0.03-0.04 and 3 0.04—0.05 0.05—-0.06 0.05 
975 0) 0.05—0.06 0.05-0.06 0.05-0.06 

1000 0.5-1.0 L 1-2 L 


A 0.45-in. thick hot-rolled O.R.C. copper strip was cold-rolled to 
0.064 in. and annealed at 450° C. for one hour. From this thickness one 
portion was straight-rolled to 0.032 in. (50 per cent reduction) and another 
to 0.008 in. (87 per cent reduction). Further samples were cross-rolled 
to 0.032 and 0.008 in. These thicknesses correspond to total cold-rolling 
reductions from the original thickness, 0.45 in., of 92.9 and 98.2 per cent, 
respectively. All the samples at these two final thicknesses were annealed 
at temperatures varying from 500° to 1000° C. Complete grain-size 
results are given in Table 10. 
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When the results of straight and cross rolling are compared, it is seen 
that for 0.032-in. sheet the cross-rolled copper gives rise to large grains 
over the usual range, while, as expected, the straight-rolled strip does not 
produce any large grain sizes. The 0.008-in. strip behaves in a very 
similar manner whether straight-rolled or cross-rolled, developing an 
abnormally large crystal size at 1000° C. only. In both cases the crystals 
were of the same type; that is, the very large variety denoted by the 
letter L. 

On contrasting the straight-rolled 0.008-in. strip with the cross-rolled 
0.032-in. sheet, the outstanding difference in grain-size development is 
one of temperature. The 0.032-in. sheet develops large grains at 775° to 
870° C., which thereafter decrease in size until at 1000° C. the structure, 
although coarse, is not abnormally large. There is no indication, how- 
ever, of large grains in 0.008-in. strip at 800° C., and, in fact, they do 
not appear until the final annealing temperature reaches 1000° C. 

In addition to confirming earlier findings, these results also show that 
with a very severe final cross rolling and a final annealing temperature of 
1000° C. the large size of crystal formation is unlike that which results 
when the cross rolling is limited to about 50 per cent reduction and the 
maximum grain size occurs on finally annealing at about 800° C. 

Hot-rolling Not Essential for Large Grain Size.—The material on which 
all the foregoing experiments have been carried out was initially hot- 
broken down, but that the initial hot-rolling process is not essential 
for the development of abnormally large grain sizes is shown by the 
following experiments. 

A 0.850-in. thick piece of tough-pitch copper of H.C. (high condue- 
tivity) quality of the kind indicated by the figures for chemical com- 
position given in the first column of Table 11 was cut from a 1000-lb. 
ingot of the dimensions already given, cold-rolled to a thickness of 
0.500 in. and annealed at 550° to 600° C. The piece was cut into two 
halves, both of which were cold-rolled, one in the same direction as the 
previous rolling and the other in the cross direction, without any further 
annealing, both to a final thickness of 0.008 in., corresponding to a final 
cold-rolling reduction of 98.4 per cent. When finally annealed at 1000° 
C. for one hour, both strips developed large grains of the order of 40 to 
60 millimeters. 

Another piece of copper 1 in. thick was cut from a similar ingot and 
divided into two. One piece was cold-rolled without any intermediate 
annealing, down to a thickness of 0.025 in., which corresponds to a 
reduction of 97.5 per cent, and the resultant grain size was of the order 
of 0.05 to 0.06 mm. after annealing for one hour at 1000° C. The other 
piece was cold-rolled to a thickness of 0.850 in., annealed at 550° to 
600° C., then cold-rolled to 0.025 in., which is equivalent to a final cold- 
rolling reduction of 97.05 per cent. After annealing for one hour at 


1000° C., this material developed large crystals of the order of 40 to 
60 millimeters. 
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These tests show, for this particular brand of tough-pitch H.C. copper, 
that a combination of heavy final cold-rolling and high final annealing 
temperature gives rise to the development of abnormally large crystals 
if the metal at its initial thickness prior to cold-rolling and annealing is 
either in the hot-rolled, or cold-rolled and annealed, condition, but not if 
it is in the cast state. 

Effect of Composition.—All the results described were obtained on 
O.R.C. copper. Several different ingots were used in the course of the 
work, of the typical composition given in the first column of Table 11. 


TABLE 11.—Compositions of Coppers Investigated 


Percentages 
Varieties of Copper 
Constituent Brad Tough 
. o> Oo oe raden — ough- | Deoxidized 

O.R.C. C.C.C.2 Deoxidized runs rye Me Aeaioal 
Copper..... 99.94 99.95 99.94 | 99.98 | 99.89 99.41 99.44 
Oxygen..... 0.038 0.035 0.004 0.054 | 0.083 0.003 
IRAN oy as Slight tr. (tie 0.005 0.005 
Bead'...2,. Slight tr. | About Slight tr. ir. Less than| 0.003 ie 

0.0005 0.001 

LEROY one aoe About 0.002 0.002 0.002 | 0.002 0.002 | 0.002 

0.002 
Nickel. ..... Slight tr. Slight tr. About 0.05 0.07 

0.02 
Silver...... 0.002 0.002 0.002 | 0.005 0.006 | 0.006 
Antimony... About 0.0005 | 0.006 | 0.004 
0.0003 

Bismuth.... 0.0001 0.0005} 0.0005 
Arsenic..... 0.001 0.42 0.40 
Phosphorus. 0.03 0.057 


2 Ontario Refining Company’s electrolytically refined copper. 
>’ Chile Copper Company’s electrolytically refined copper. 


The optimum conditions found necessary to produce, in this copper, large, 
irregular and striated crystals by heavy unidirectional cold-rolling 
followed by final annealing at 1000° C., and the somewhat smaller but 
still large and more equiaxed crystals, by a final cross rolling followed by 
annealing at 800° C., were applied to other varieties of copper, the com- 
positions of which are given in the remaining columns of Table 11. With 
C.C.C. copper, similar results to those already described were obtained, 
except that the large crystals resulting from the cross-rolling treatment 
were somewhat smaller than those in the O.R.C. copper. With the two 
arsenical coppers and the deoxidized nonarsenical copper, no abnormally 
large crystals were obtained by either sequence of operations. Oxygen- 
free copper and the somewhat less pure fire-refined Braden 3 Star 
responded to the straight-rolling treatment and yielded large crystals 
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(Fig. 5), but by cross-rolling and annealing at 800° C. no large crystals 
were produced. It is, of course, possible that modifying the rolling and 


NATURAL SIZR. 


N-FREE COPPER AFTER STRAIGHT ROLLING. 


Fia. 5.—LARGE CRYSTALS IN OXYGE 


annealing conditions might produce large crystals in these coppers similar 
to those obtained with O.R.C. and C.C.C. copper. 


SUMMARY 


Abnormally large crystal sizes can be developed in rolled copper strip 
or sheet provided the final cold-rolling reduction exceeds about 95 per cent 
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and the final annealing temperature is of the order of 1000° C. Similarly, 
large crystal structures can be produced under the same conditions of 
final annealing, with a final cold-rolling of not less than about 85 per cent, 
provided the temperature of the penultimate annealing does not exceed 
550° C. and that the total cold-rolling exceeds 96 per cent. The struc- 
ture after these heavy reductions is similar whether the final rolling is the 
same or normal to the direction of previous rolling. 

If the final rolling reduction is limited to 30 to 70 per cent reduction, 
and is effected normal to the direction of previous rolling, the largest 
crystal size is obtained by annealing finally at about 800° to 850° C. The 
crystals are smaller than those obtained with heavier final rolling reduc- 
tions followed by annealing at 1000° C., and differ from them in being 
much more equiaxed and free from circular markings and structures. 
For the production of these crystals by finally cross-rolling with a reduc- 
tion of about 50 per cent and annealing at 800° to 850° C., the penultimate 
rolling reduction of about 90 per cent appears to be necessary, and the 
optimum annealing temperature prior to the final cross rolling is 
about 450° C. 

These results have been obtained with two brands of H.C. copper, but 
with a phosphorus-deoxidized copper of comparable purity, except for the 
residual phosphorus, and less pure copper such as tough-pitch and 
deoxidized arsenical, large crystals were not produced by either sequence 
of operations. 
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DISCUSSION 
(D. K. Crampton presiding) 


H. P. Crort,* Cleveland, Ohio (written discussion).—The authors have made a 
valuable contribution in regard to a problem that is of commercial as well as academic 
importance. We have encountered similar phenomena in electrolytic tough-pitch 
copper sheet that was annealed for 90 min. at 1150° F., rolled 45 per cent and annealed 
at 950° F. for 105 min. The final grain size was 0.020 mm. and the previous grain 
size 0.035 mm. Some of the material had grain sizes on the order of 0.500 mm. The 
exact previous history of this copper is unknown but this instance is cited merely to 
point out that this condition can occur at lower temperatures than those used in the 
authors’ work. 

We have also encountered similar large grain sizes in tubing fabricated under 
normal mill procedure. This has not been confined to tough-pitch copper alone but 
has also been found in copper with phosphorus contents varying from 0.010 to 0.020 
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per cent and temperatures ranging from 1000° to 1300° F. for the final annealing 
operation. Sometimes these large crystals occur in longitudinal streaks alternating 
in the same tube with parallel streaks of fine crystals and sometimes they occur in 
certain tubes of a given lot while the remainder of the load is normal. Alternate 
streaks of 0.025 mm. and 6.0 mm. have been found in the same tube. More of this 
condition is encountered in attempting to obtain grain sizes of 0.050 to 0.075 mm. on 
phosphorus-deoxidized tubing than with lower-temperature anneals but it is some- 
times encountered in attempts to obtain 0.020-mm. grain sizes. 


' 


— 
in. outside diameter x 0.065 in. gauge 
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’p in. outside diameter x 0.032 in. ga 
seal! 


0 
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Fics. 6 AND 7,._EHFFECT OF PREVIOUS COLD-WORK ON GRAIN SIZE OF ANNEALED 
COPPER TUBING, 


The type of crystals encountered are those illustrated in Fig. 5 but the grain sizes 
are of a lower order, ranging from approximately 0.300 to 6.0mm. There is probably 
a condition of preferred orientation involved, 

In an effort to investigate the cause of this condition we drew tubes from pierced 
billets of three different compositions: 

1. Deoxidized copper containing 0.009 per cent P. 

2. Deoxidized copper containing 0.019 per cent P. 

3. Deoxidized copper containing 0.010 per cent P. and 0.008 per cent Ag. 

These were given usual mill operations and anneals but finished with three different 
conditions, one tube of each composition being reduced 17 per cent to finish, the 
second tube reduced 30 per cent and a third tube reduced 70 per cent. Tubes of tek 
composition finished with each type of reduction were then used as a basis for annealing 


DISCUSSION 159 


series, the anneals being carried out at 100° intervals between 650° and 1350° F. 
The results are shown in Fig. 6. Normal grain sizes were obtained with annealing, 
which followed reductions of 17 and 70 per cent, but the large grains developed on all 
three types of copper annealed at 1350° F., after a 30 per cent cold reduction in area. 
The results on the copper that was reduced 17 per cent are shown as a range instead 
of as a line because differences in grain sizes were apparent with the three types of 
copper following the light cold reduction. These differences disappeared with the 
heavier reductions. 

Since these results did not follow previous theories on the subject, the experiment 
was repeated with three different billets from the same lots of copper, in this instance 
the tubes being drawn with the same reductions to 14 in. outside diameter and 0.032 in. 
gauge with the same temper draws. Similar results were obtained and shown in 
Fig. 7, the only noteworthy difference being that the large grains started to develop 
at even lower temperatures in the metal that had been reduced 30 per cent. It is 
noticeable that these results paralleled those given by the authors in Table 7, showing 
the grain size for cross-rolled sheet. It is quite possible that X-ray exami- 
nation of the cross-rolled sheet and drawn tubing would show similar orientation for 
similar reductions. 

This condition has been traced back in some specimens to the pierced shells 
where differences in grain size after hot piercing were noticed between the ridges and 
hollows resulting from the piercing operation. This work has not been carried out 
far enough to determine just when this phenomenon will occur and when it will be 
avoided. Certainly some other factors must enter into the problem, as the fact 
remains that certain tubes in a lot will develop this condition while others from the 
same batch of metal, handled as nearly in the same way as commercially possible, 
will not be subject to this excessive grain growth. 


D. K. Crampron,* Waterbury, Conn. (written discussion).—The data given in 
this paper are particularly interesting in view of the fact that the conditions for 
formation of abnormal grains appear to be quite different from those generally con- 
sidered to lead to such structures. For instance, we know that in most of the alpha 
brasses, at any rate, and in certain types of copper, abnormal grains are readily 
developed by a sequence of operations comprising: (1) an anneal of intermediate 
degree; (2) a rather light strain or cold-working; (3) a second anneal of about the 
same temperature as the first. 

The abnormal grains developed by the present authors are exceptionally large 
but otherwise of the same general appearance as those formed by the sequence of 
operations referred to above. In other words, they are typified by very irregular 
or fragmented twinning bands and the presence of second-order and third-order twins. 
It seems obvious that even further studies of this interesting subject are desirable. 


F. E. Carrer,+ Newark, N. J. (written discussion).—It seems to me that the 
authors have omitted a very important factor; namely, the thickness of the sheet. 
It has been my experience that the thickness of a sheet severely affects the apparent 
size of the grains, and, indeed, it seems logical to expect that if the grains in their 
natural three-dimensional growth tend to reach the surface, the latter should influence 
the grain size. In several of their tables, the authors show grain sizes greatly in 
excess of the thickness of the sheet and I feel that this condition may have been of 
greater influence than some of the factors enumerated in the paper. It would seem, 
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therefore, that reliable results can be obtained only when the final thickness of the 
sheet under investigation is much greater than the grain dimension. 


W. H. Basserr, Jr.,* Hastings-on-Hudson, N. Y. (written discussion ).—We 
should not overlook the fact that various grades of copper have different recrystalli- 
zation temperatures. Small amounts of impurities in various commercial coppers 
have a definite effect on the reerystallization temperature. Some electrolytic coppers, 
for example, will recrystallize at temperatures from 50° to 100° F. lower than other 
electrolytic coppers. The question of the critical recrystallization temperature should 
be taken into consideration along with the previous history of the sample as regards 
the rolling schedule (number of passes and amount of reduction for each pass) when 
discussing the effect of time and temperature on the crystal growth of sheet copper. 


M. Coox anp C. Macquarie (written discussion).—As stated in the text, the 
paper is concerned with conditions giving rise to quite abnormal crystal sizes in 
rolled copper and not with crystal sizes that might be classified as coarse or large 
when judged by the standards used in referring to the structure of materials as 
normally produced. Thus, although a grain size of 0.500 mm., mentioned by Mr. 
Croft, is large or coarse by reference to normal grain sizes in rolled copper, it is not 
of the order of magnitude of the type of large crystals described in the paper, the 
dimensions of which can be measured in centimeters. In the course of our work we 
have noted the occurrence of grains of the order of 0.5 mm. in cross-rolled copper on 
annealing at 625° C. With copper similarly rolled, grains of the same order may 
occur at lower annealing temperatures if sufficient time is allowed for their formation. 
With deoxidized copper, containing 0.03 per cent P, we did not encounter, under 
any of the rolling and annealing conditions considered, a grain size in excess of 0.25 
mm. It is of interest to note that Mr. Croft, with a reduction of 30 per cent on 
drawn copper tube, obtained an effect with regard to grain size similar to ours with 
cross-rolled sheet. 

We did not obtain any large crystals in the course of the experiments that we 
made along the lines referred to by Dr. Crampton. An outstanding feature of the 
development of the type of abnormally large grains described in the paper is the 
relatively short annealing time required, and we agree with Dr. Crampton that this 
interesting subject merits further study. 

Since the work is concerned with sheet metal and since the type of large crystals 
described are measurable in centimeters, it follows inevitably that their size is greatly 
in excess of the metal thickness. To do as Mr. Carter suggests would be scarcely 
practicable, for to finish at a thickness of 20 to 80 mm. would necessitate the com- 
mencement of rolling at a relatively very great thickness if the necessary reductions 
of the order of 90 per cent were to be given. In thicknesses that can be conveniently 
rolled under the required conditions the final gauge does not appear to have any effect 
on the formation of large crystals. Although many of the samples of straight-rolled 
large-grained copper produced were 0.008 in. thick, similar effects were obtained in 
sheet copper 0.025 in. thick, after annealing at 1000° C., by commencing with material 
sufficiently thick to obtain the necessary reduction. 

With regard to Mr. Bassett’s remarks, the annealing temperatures necessary for 
the development of the large grains described are so much greater than the recrystal- 
lization temperature of copper, which varies not only with the composition, as he 
states, but with other factors also, that it is not clear what connection there could 
be between recrystallization temperature and the formation of large grains. Their 
development would appear to be associated with structural influences brought about 
by certain combinations of deformation and subsequent annealing, 


* Manager, Metallurgical Development, Anaconda Wire & Cable Co, 


Plastic Deformation and Subsequent Recrystallization of 
Single Crystals of Alpha Brass 


By M. R. Picxus,;* Junior Mremspsr, anp C. H. MatHEewson,{t Memper A.I.M.E. 


(Detroit Meeting, October, 1938) 


Tue study of the plastic deformation and recrystallization of metals 
has been the subject of many investigations. In regard to the simple 
deformational processes, such as tension and compression, the early 
knowledge gained from studies of polycrystalline material has been 
supplemented by many significant researches on the behavior of single 
erystals. Unfortunately, this has not been true for more complicated 
deformational processes. As far back as 1927, G. I. Taylor! wrote: 


It is impossible in the present state of knowledge to do more than give a possible 
reason why (face-centered cubic) crystals set themselves with a (110) direction in the 
plane of rolling, and at right angles to the direction of rolling. The explanation of 
why the orientation of the crystal axes round the transverse direction is what it is, 
must be left till the distortion of metals, and particularly single crystals of metals in 
the process of rolling, has been studied in greater detail. 


That this gap in the systematic study of deformation and recrystalliza- 
tion has not yet been filled was indicated by C. H. Samans,? who wrote in 
1934 that ‘only four investigations upon cold-rolled single crystals of any 
of the face-centered cubic metals have been reported in the literature.” 
Of these four studies, only those of 8. Tanaka’ and T. Sakao,+ both of 
whom worked with aluminum crystals, had quantitative significance. 
The other two, carried out by F. Wever® and W. G. Burgers,® were of a 
qualitative nature. 

It is our hope that the present investigation may contribute some- 
thing to the knowledge necessary for a rationalization of the origin of 
rolling textures in terms of the known behavior of single crystals, and may 
add pertinent information concerning the recrystallization characteristics 
of deformed single crystals. 


From a part of a dissertation presented by M. R. Pickus to the Faculty of the 
Graduate School of Yale University in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy. Manuscript received at the office of the Institute 
June 27, 1938. Issued as T.P. 989 in Merats TecunoLoey, December, 1938. 
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SELECTION OF DEFORMATIONAL PROCESS 


In view of the practical importance of the rolling process, it might 
appear desirable to study the effects of this type of deformation. It was 
felt, however, that the difficulty of rationalizing the rolling process from a 
crystallographic point of view constituted a disadvantage. After a 
consideration of the various possibilities, it was decided to use what 
Wever and Schmid’ describe as a plane parallelepipedal compression. 
From our point of view this has the advantage of bearing a rather close 
resemblance to the rolling process, and at the same time is simpler to 
understand. This type of deformation causes a diminution in thickness 
of the specimen in the direction of com- 
pression, and an extension in only one 
direction; viz., at right angles to the com- 
pression axis, all lateral flow being pre- 
vented by the side walls of the device 
utilized to give this type of compression. 

Fig. 1, due to Wever and Schmid, 
HIE shows the construction of the mold, a 
hig { description of which follows. The 
Ww plunger St presses down on the specimen 
P, which is placed on a base plate and 

Fic. 1.—Dervick ror pLane enclosed on three sides by steel walls so 
WSs orp cee eae that the material can flow only in the 

direction F. The base plate was made in 
the form of a raised sill, S, to prevent any increase in the cross section of 
the specimen. The milled opening a assures an unrestricted flow of 
material. One of the side walls, K, was made in the form of a 
removable wedge, which facilitated the changing of specimens. The 
wedge K is locked in place by means of the sill S. If the direction of 
flow is visualized as the rolling direction, the similarity between the form 


change caused by plane parallelepipedal compression and that caused by 
rolling is apparent. 


PREPARATION OF SPECIMENS 


In this work it was decided to use an alpha brass containing nominally 
70 per cent copper and 30 per cent zinc. Cartridge brass in the form of 
1}4-in. rod was obtained through the courtesy of the Chase Brass and 
Copper Co., which gave the following analysis for the material: Cu, 
70.24 per cent; Pb, 0.004; Fe, 0.01; Zn, remainder. 

The single crystals were made by the Bridgman’ method of gradual 
solidification of the metal from the molten condition. Cylindrical 
crystals about 8 in. long and 114 in. in diameter were easily obtained by 
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this method. In order to remove coring, all of the crystals were given a 
high-temperature homogenizing anneal. 

It is our belief that any account of work done on single crystals should 
be prefaced by a description of their degree of perfection in so far as it is 
possible to describe it. The production of true single crystals of alpha 
brass presents several difficulties. Obviously, the marked tendency of 
alpha brass to form twins excludes the use of the recrystallization method 
in making these large crystals. Consequently, the method of gradual 
solidification must be used. Greninger* has shown for copper that rapid 
rates of cooling favor the development of a pronounced macromosaic 
structure. Although this is an undesirable condition, it may be con- 
sidered preferable to the use of very slow rates of cooling with consequent 
distillation of zinc over a prolonged period. Undoubtedly this would 
produce appreciable inhomogeneities. Consequently an intermediate 
rate of cooling was used. In practically every case the spots on X-ray 
films from these crystals showed some signs of a macromosaic structure, 
although usually in small degree. Just what effect a pronounced macro- 
mosaic structure would have on the mechanism of plastic deformation, 
we do not know. However, our results on these brass crystals have 
shown the general behavior that would be expected with single crystals 
of face-centered cubic metals. 

The back-reflection Laue method of determining crystal orientations, 
as described by Greninger," was used in this investigation. The crystal 
planes causing the spots on the X-ray films were identified by means of 
Greninger’s hyperbolic net and a table of angles between important 
planes of the face-centered cubic lattice. Once the spots were identified, 
their angular coordinates were measured, and plotted on a stereographic 
projection in relation to the longitudinal axis of the crystal and the direc- 
tion of the X-ray beam. When this projection was obtained, the points 
were rotated to bring a cube position to the center of the projection. 
Then it is a simple matter to locate the poles of all the important planes 
on the projection. 

Since the specimens were to be in the form of rectangular parallel- 
epipeds, the next step was to decide which crystal plane was to lie in the 
surface, and which crystal directions were to lie along the edges. When 
this decision was made, it was found expedient to rotate the points 
representing the longitudinal axis of the crystal, the direction of the X-ray 
beam, the pole of the plane that was to be parallel to the surface, and the 
direction that was to be parallel to an edge, so that the longitudinal axis 
fell at the center of the projection. 

Suppose, for example, it was desired to cut a specimen having the 
plane (hkl) in the surface and the direction [h’k’l'] along an edge (assum- 
ing, of course, that the plane (hkl) contains the direction [W'k'U']). It is 
clear that the plane of the stereographic projection having the longitudinal 
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axis at the center actually represents a cross section of the specimen, as 
indicated in Fig. 2, land II. In Fig. 21, the point A is the reference mark 
placed on the crystal, which represents the direction of the X-ray beam; 
6 (IV) is the angle between the longitudinal axis L and the [Akl] direction 
( that is to be the surface normal; ¢ is the azimuth of C in reference to the 


i! 


Fia. 2.—MB8tTHOD OF CUTTING OUT SPECIMENS. 

I is a stereographic projection on which have been plotted the points L, A, C and 
D, of which L represents the longitudinal axis, A the direction of the X-ray beam, C the 
normal to the plane that is to le in the surface, and D the direction that is to lie in 
the surface along an edge. 

II indicates that the plane of the stereographic projection I represents a cross 
section of the crystal. 

III shows the flat surface machined along GQ’. 

IV represents the plane through L, C and B of I, and indicates how to expose the 
required erystal plane, which is shown in V. 


plane represented by LA; and a@ is the azimuth of the [h’k’l’] direction D 
that is to lie in the surface and along an edge. The lines LB and LG, 
making angles of ¢ and a, respectively, with LA, are drawn on the end of 
the crystal just as shown in Fig. 21. From B the line BB’ (IV) is drawn 
parallel to the longitudinal axis. A similar line GG’ is drawn from G. 
Then a narrow, flat surface HF (Figs. 21, III and V) is machined along GG’. 
Next a section making an angle of (90° — 6) with the longitudinal axis 
is cut as shown in Fig. 21V. This exposes an (hkl) plane having an 
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elliptical contour as shown in Fig. 2V. Now a bevel protractor is placed 
along the flat surface HF so that its plane represents the plane LG (Fig. 21) 
in which lies the [h’k’l’] direction D. The movable blade of the bevel 
protractor is rotated until it lies along the (Akl) plane that has just been 
exposed. A line drawn along the protractor blade represents the [h’/k'l’] 
direction D, shown as QR in Fig. 2V; for this line satisfies the two condi- 
tions that it be an [h’k’l’] direction; it lies in the plane LG (Fig. 21) and in 
the (hkl) plane shown in Fig. 2V. It is now a simple matter to cut the 
required parallelepiped, for we have located one surface and one edge, and 
all the surfaces and edges are mutually at right angles to one another. 
After the specimens were cut out, their orientations were checked by the 
X-ray technique previously described. The agreement was excellent, as 
the maximum error observed was never more than 2°. 

Four specimens, 7 in. square (i.e., equal to cross section of plunger) 
and '4 in. high, were cut for each orientation. They were compressed 
in the mold described above to a reduction in thickness of 10, 20, 30 and 
60 per cent, respectively. It was found that in order to obtain a homo- 
geneous deformation, friction had to be kept as lowaspossible. Toward 
this end, the side walls, the end of the plunger, and the top of the base 
plate were given a high polish. In addition the specimens were lubri- 
cated with a mixture of castor oil and graphite as suggested by Wever 
and Schmid. 


SELECTION OF ORIENTATIONS 


A complete determination of the influence of orientation on the 
properties of crystals that have been subjected to a given deformation 
requires the use of a large number of specimens. The usual procedure, 
in the case of tension or compression, is to choose orientations so that the 
various regions of a stereographic triangle, whose three corners are the 
poles of cube, octahedral and dodecahedral planes, respectively, are well 
represented. The use of deformational processes of lower symmetry 
complicates the situation considerably. Instead of a single axis, as in 
tension and compression, two axes must be employed to describe the type 
of deformation used in this work; viz., one parallel to the direction of 
compression and one parallel to the direction of flow. For each position 
of the compression axis there is an infinite number of possible positions for 
the direction of flow, the locus of which, in terms of a stereographic 
projection, is the great circle 90° from the compression axis. Evidently 
there is a twofold infinity of possibilities. Consequently an attempt was 
made to find a rational basis on which to classify the various possible 
orientations. After careful consideration, it seemed logical to divide the 
possibilities into two general categories. Orientations for which the 
compression axis and the direction of flow occupied positions of crystal- 
lographic symmetry constituted one class, while the other class contained 
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those orientations for which the deformational axes occupied unsym- 
metrical positions. It seemed reasonable to suppose that these two types 
of orientations might show a maximum difference in properties. On this 
basis five sets of specimens were prepared, the orientations of which are 
shown in Fig. 3, where C indicates the axis of compression and F, the 
direction of flow. For convenience in referring to the various specimens, 
a nomenclature has been adopted, which may be explained by considering 
a specific case. 84-30 is a single crystal specimen, whose orientation is 
that of set 4 and which has been subjected to a reduction in thickness of 
nominally 30 per cent. 

A study of the recrystallization of all five sets of specimens was made. 
In addition, an X-ray investigation of the orientational changes in sets S4 
and S5 was carried out. The X-ray 
analysis was confined to two sets 
because of time limitation. The 
reasons for choosing the orientations 
S4 and S65 are indicated in the 
following paragraph. 

It is a well established fact that 
when polycrystalline aggregates of the 
face-centered cubic metals are cold- 
rolled, a reorientation process sets in, 
which leads to certain preferred crys- 
tallographic positions for the deforma- 
tion axes. The end position most 


THE FIVE SETS OF SINGLE-CRYSTAL parallel to the surface and a <112> 
SPECIMENS. . ° . 
direction parallel to the rolling direc- 
tion. Many attempts have been made to rationalize this behavior in 
terms of the known characteristics of single crystals, but it is generally 
conceded that none of the proposed explanations is entirely satisfactory. 
This subject is treated from a theoretical point of view elsewhere." It is 
a principal purpose here to describe experiments carried out in an attempt 
to ascertain whether the end position (110), [112] is significant for single 
crystals as well as for polycrystalline aggregates. From Fig. 3 it may be 
seen that the orientation of 84 corresponds to the end position (110), 
[112]. Hence it might be expected that 84 would show a maximum 
stability, in the sense that no change in orientation should occur. The 
orientation of $5, on the other hand, was expected to show a minimum 
stability, since each of the deformation axes occupied positions of low 
crystallographic symmetry, within the stereographic triangles. 


ReEsutts or X-RAY INVESTIGATION 


The orientations of the specimens were determined at various stages 
of the deformation. Up to reductions in thickness of 30 per cent, the 
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back-reflection Laue method of determining orientations was quite satis- 
factory. The results are shown stereographically in Figs. 4 and 5. 


aN Coo +30 
Co 


Cro~ 
* 


Fia. 4. Fie. 5. 
: _ Fie. 4.—ORIENTATION CHANGES OF S4. 
Direction of flow is designated by F and the compression axis by C. Subscripts 
refer to the percentage reduction in thickness. 
; _ Fie. 5.—ORIENTATION CHANGES OF S85. 
Direction of flow is designated by F and the compression axis by C. Subscripts 
refer to the percentage of reduction in thickness. 


Fig. 4 shows very definitely that when the initial orientation has the 
compression plane parallel to a (110) plane and the direction of flow 
parallel to a [112] direction, no change in orientation occurs. Even when 
the deformation axes occupy posi- 
tions of very low symmetry, asin 85 
(Fig. 5) there is a tendency for a 
rotation to occur so that this 
favored orientation (110), [112] is 
approached. It is felt that these 
results are quite conclusive evidence 
that the orientation (110), [112] has 
great significance in connection with 
single crystals, as it has for poly- 
crystalline aggregates. * 

The analysis of the specimens that 
were reduced 60 per cent was more 
difficult. For such high degrees of 


: : Fic. 6.—STEREOGRAPHIC PROJECTION 
deformation a single X-ray pattern op various PosITIONS OF X-RAY BEAM 


does not suffice. However, the use RELATIVE TO SPECIMEN USED IN WORKING 


of pole-figure methods such as those ees URI 


described by W. E. Schmid!” permits a very complete description of the 
orientational relationships existing in severely deformed material. The 
usual procedure is to allow a monochromatic X-ray beam to pass through 


* This, of course, does not exclude other orientational end points in special cases. 
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a thin section of the material, which is placed between the film and the 
slit system. In the present work the specimens were to be used for a 
subsequent recrystallization study, and hence could not be sectioned for 
this purpose. Therefore, a back-reflection procedure was developed. 
Both the transmission method and the back-reflection method have their 
own peculiar advantages and disadvantages. The transmission method 
requires a long, tedious grinding operation, and usually long exposures 


Fig. 7.—DIFFRACTION PATTERN OF SINGLE CRYSTAL (S4-60) OF ALPHA BRASS, REDUCED 
60 PER CENT IN THICKNESS BY PLANE PARALLELEPIPEDAL COMPRESSION 

X-ray beam was parallel to compression axis. Inner ring corresponds to ‘a (222) 
reflection, and outer ring to a (113) reflection. 
are necessary. The back-reflection method requires no grinding and 
relatively short exposures—one hour in the present work. However, the 
reflection circles in the latter case are comparatively small, consequently a 
few more exposures are required to completely cover the projection circle. 
It may be pointed out here that caution must be exercised in the inter- 
pretation of results obtained by either method. Thus, it is possible that 
the texture varies from the interior to the exterior of the specimen. 
Schmid and Wassermann,'* and Edmunds and Fuller! have shown this 
to be true for cold-rolled zine sheet. A similar situation was found for 
aluminum sheet by v. Vargha and Wassermann.!® 

In the present work all of the specimens to be X-rayed were carefully 
machined to a sufficient depth to remove any surface effects. They were 
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then polished and given a deep etch. Strictly speaking, the resulting 
pole figures must be applied only with relation to the material in the 
vicinity of this final surface. However, other considerations seem to 
indicate that a fairly uniform condition existed in the specimens. Each 
specimen was continuously moved in a plane parallel to itself during the 
exposure, which gave a reflection integrated over an appreciable area. 
The fact that all of the integrated reflections obtained from three surfaces 


Fic. 8.— DIFFRACTION PATTERN OF SINGLE CRYSTAL (S5-60) OF ALPHA BRASS, REDUCED 
60 PER CENT IN THICKNESS BY PLANE PARALLELEPIPEDAL COMPRESSION. 

X-ray beam was parallel to compression axis. Inner ring corresponds to a (222) 
reflection, and outer ring to a (113) reflection. The similarity between the (222) 
reflections for S4-60 and S5-60 is apparent. 
mutually perpendicular presented a consistent relationship indicates that 
the deformation must have been fairly homogeneous. 

Eighteen exposures were taken for each specimen. ‘The positions of 
the X-ray beam (FeKa radiation) relative to the specimen are shown 
stereographically in Fig. 6, in which the letters C, F and T refer to the 
compression axis, the direction of flow, and the transverse direction, 
respectively. The pole figures were first worked out on the basis of the 
reflections for which the positions of the X-ray beam are shown by the 
black circles. The positions indicated by the white circles were included 
to provide a check and to reduce the possibility of missing any important 
coverages. Two of the X-ray patterns are shown in Figs. 7 and 8, and the 
pole figures for S4-60, and S5-60 are given in Figs. 9 and 10, respectively. 
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Fic. 9.—PoL® FIGURE FOR (222) PLANES OF SINGLE CRYSTAL (S4-60) oF ALPHA BRASS 
REDUCED 60 PER CENT IN THICKNESS BY PLANE PARALLELEPIPEDAL COMPRESSION. 
_ F, C and T refer to direction of flow, the compression axis and the transverse 
direction, respectively. 


Fic. 10.—Poue FIGURE For (222) PLANES OF SINGLE CRYSTAL (S5-60) OF ALPHA BRASS 
REDUCED 60 PER CENT IN THICKNESS BY PLANE PARALLELEPIPEDAL COMPRESSION. 
_ F, C and T refer to direction of flow, the compression axis and the transverse 
direction, respectively. 
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Several methods may be used in the interpretation of pole figures, and 
in this instance a very simple expedient was employed. Fig. 11 shows the 
distribution of {111} poles in an ideal pole figure having a {110} position 
at the center of the projection. If we compare Figs. 9 and 11 and imagine 
that C corresponds to a [110] and F to a [112] direction, we see that there 
is a remarkable resemblance between the two figures (the small white 
circle on the periphery of Fig. 9 represents a localized region of maximum 
intensity). Another striking feature of Fig. 9 is the small degree of 


17] 


7/7 


a AI. 
Fic. 11.—Distrisution or {111} PoLES IN AN IDEAL POLE FIGURE (FACE-CENTERED 
CUBIC LATTICE) HAVING {110} POLE AT CENTER. 

scattering. With the exception of the region indicated by a dotted curve 
below and to the right of C, no coverages other than those corresponding 
to the ideal pole figure were found, and it will be seen later that this weak 
coverage has an interesting implication. This pole figure proves rather 
definitely that S4 has shown no tendency to change its original orientation 
even after a 60 per cent reduction. 

Even though the original orientation of 85 was so different from that 
of S84, comparison of Fig. 10 with Fig. 9 shows that the two pole figures are 
very similar. In this case, however, there is considerably more scattering, 
although it should be pointed out that the broken curves indicate regions 
of rather low intensity. The regions of maximum intensity correspond 
rather well with those of the ideal pole figure (Fig. 11). It is interesting 
to notice that in both Figs. 9 and 10 there are two regions below C that 
are somewhat similarly arranged but are in the reverse order with respect 
to intensity. It may be seen also that to the right of F and on the 
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Fia. 12.—DIFrFRACTION PATTERN OBTAINED WITH X-RAY BEAM NEARLY COINCIDING 
WITH AN OCTAHEDRAL COVERAGE. ‘TRIGONAL SYMMETRY IS CLEARLY SHOWN. 


) = 
Fic, 13.—POLE FIGURE FOR OCTAHEDRAL PLANES (111) OF COLD-ROLLED POLYCRYSTAL- 
LINE ALPHA BRASS (85 PER CENT Cu) (v. GOLER AND Sacus). 
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periphery of the projection circle there occurs an octahedral coverage in 
both cases. This circumstance permitted an excellent check on the 
interpretation of these results. If the key to exposures for pole figures 
(Fig. 6) is now considered, it will be seen that there is a black circle on the 
periphery just to the right of F. This position coincides almost exactly 
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I'ic. 14.—Curvres sHowinc RocKWELL HARDNESS AS A FUNCTION OF DEGREE OF 
DEFORMATION. 


with the two coverages under consideration. Therefore the patterns 
obtained with the X-ray beam in this position should show definite 
trigonal symmetry for both 84 and 85, and this was found to be true. 
One of the patterns is shown in Fig. 12. 

It is instructive to compare Figs. 9 to 11 with Fig. 13 due to v. Géler 
and Sachs,'* which is a pole figure obtained from cold-rolled polycrystal- 
line brass (85 per cent Cu). The simple orientation of Fig. 11 accounts 
for half the number of coverages of Fig. 13. If the poles of Fig. 11 are 
rotated 180° about the line containing the {110} and {112} positions, the 
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other half are accounted for. Apparently the polycrystal texture con- 
sists of these two orientations superimposed on one another. There must 
also have been some tendency for the single-crystal specimens to develop 
this dual relationship. This would explain the region of weak intensity 
in Fig. 9, and may also account for the rather intense region below and to 
the right of Cin Fig. 10. With regard to Fig. 10, it should be pointed out 
that, in general, a deformation of 60 per cent is hardly sufficient to effect 
a sharp adjustment in the development of a texture. In summation, it 
seems that practically all of the coverages found for the two single- 
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Fic. 15.—RECRYSTALLIZATION CURVE FOR REDUCTION IN THICKNESS OF 60 PER CENT. 


crystal specimens, despite their differences in initial orientation, are well 
accounted for by the pole figure from a polycrystalline aggregate. 

The orientation studies just described furnish an illustration of the 
well-known fact that the evidence from a single X-ray pattern of a cold- 
worked material may be very misleading. Thus, when the X-ray beam 
was parallel to the transverse direction of 85 (Fig. 10), practically the 
complete Debye-Scherrer ring was obtained on the film, which might be 
taken to indicate that substantially random orientations exist in the 
specimen. However, when the X-ray beam was directed along the 
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compression axis C, indications of a very marked preferred orientation 
were obtained as illustrated by Fig. 8. 


RECRYSTALLIZATION STUDIES 


Rockwell F hardness readings were taken on each specimen of the 
five sets of single crystals. One specimen of each set was then com- 
pressed in the mold described on page 162 to a reduction in thickness 
of 10, 20, 30 and 60 per cent, respectively. After the deformation, the 
hardness was again recorded. Each specimen was then annealed for 
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Fra. 16.—REcRYSTALLIZATION CURVES FOR REDUCTION IN THICKNESS OF 30 PER CENT 


14 hr. at each of the following temperatures: 275°, 300°, 325°, 350°, 450°, 
550°, 650° and 750° C. Hardness values were obtained after each anneal. 
For the sake of comparison a set of polycrystalline specimens was given 
exactly the same treatment. This set is designated by the letter P. 

In order to facilitate a comparison between the behavior of the poly- 
crystalline specimens and the different sets of single crystals, the recrystal- 
lization data on all specimens for the same degree of deformation have 
been grouped together in Figs. 14 to 16. 


176 DEFORMATION AND RECRYSTALLIZATION OF ALPHA BRASS 


The configuration of the curves representing these recrystallization 
data seemed rather unusual, as the hardness, especially in connection with 
the 60 per cent deformation, decreased almost as rapidly beyond the 
temperature range of expected recrystallization as during the period of 
recrystallization. Several possible explanations of this were apparent. 
It will be recalled that in this work each specimen was heated at every 
temperature in the annealing schedule. It thus appeared possible that 
the rather sharp drop in hardness accompanying a given rise in tempera- 
ture, in a range well above the recrystallization temperature, might be a 
manifestation of some peculiar cumulative effect in the annealing process. 
On the other hand, it was suspected that the trend of the curves might be 
due to a characteristic inherent in the Rockwell F seale. Again, it could 
be imagined that recrystallization subsequent to the particular type of 
deformation process used in this work might proceed in some unique 
manner. In order to investigate these possibilities the following experi- 
ment was undertaken. 

A short length of the cold-drawn brass rod used in the original investi- 
gation was first annealed for 14 hr. at 650° C., then cold-rolled to a reduc- 
tion in thickness of 59.8 per cent. From this bar 16 specimens 114 by 
1 by 14 in. were cut and numbered. Specimens | and 9 to 15 were heated 
for 14 hr. at 275° C. Then specimens 9 to 15 were taken through the 
annealing schedule, using the ‘‘cumulative”’ anneal; i.e., the specimen 
corresponding to an anneal at some particular temperature was also 
annealed at each of the lower temperatures in the schedule. At the same 
time specimens 2 to 8 were given a ‘‘normal”’ anneal; i.e., each specimen 
was annealed at only one temperature. Specimen 16 was left in the cold- 
rolled condition. When the annealing program was completed, both the 
Rockwell F and the Brinell hardness of each specimen was determined. 
This experiment gave simultaneously a comparison of the Rockwell F 
scale with the Brinell hardness numbers obtained with a 500-kg. load 
applied for 60 sec., and also a comparison of the ‘‘cumulative’’ anneal with 
the ‘‘normal”’ anneal. 

The results are shown graphically in Figs. 17 and 18. Here, the 
points representing the cumulative anneal are represented by black 
circles, and a coincidence of the points obtained by the two methods of 
annealing is indicated by half blackened circles. It appears from these 
curves that for all temperatures except those in the range 275° to 325° C. 
the points obtained by using the ‘‘cumulative”’ anneal coincide with those 
obtained by using the “normal” anneal. Even in the range 275° to 
325° C. the discrepancy is small. A comparison of these curves with 
those shown in Figs. 15 and 16 demonstrates clearly that the peculiar 
character of the original curves is due to properties inherent in the 
Rockwell F scale. 
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Discussion OF RECRYSTALLIZATION DATA 


A precise explanation of the differences between the various curves of 
Figs. 14 to 16 would require a rather thorough understanding of the 
crystallographic mechanism of the deformation process in each case. 
From a theoretical point of view, the percentage reduction in thickness 
presents a somewhat arbitrary basis for comparison. Preferably, one 
should discuss the deformation in terms of the amount of shear resolved 
along the participating slip systems, as is customary in dealing with the 
extension and compression of single crystals. In the more complex 
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59.8 PER CENT. 
deformational processes, such as the type used in the present investiga- 
tion, however, very little is known with any degree of certainty concern- 
ing the slip mechanisms involved. In the general case, even if a probable 
set of operating slip systems were selected on the basis of certain assump- 
tions, there would still remain the problem of deciding the relative 
amounts of shear along the various systems. Therefore, until more 
information is available it seems necessary to express the extent of the 
deformation in terms of the percentage reduction in thickness. Conse- 
quently, it is felt that anything beyond a limited discussion of these 
curves must await the development of a more comprehensive point 
of view. 

Subject to these limitations, then, the following comments are offered. 
Fig. 15 indicates that for reductions in thickness of 60 per cent or greater 
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the recrystallization temperature is practically independent of the 
initial orientation; in fact, very similar to that of polycrystalline metal. 
Moreover, the curves of Fig. 14 show that the hardness values of all the 
specimens after a 60 per cent reduction differ but slightly from one 
another. This might be construed to imply that the fragmentation at 
these high reductions is so great that material that was initially a single 
crystal has become essentially polycrystalline, and that therefore these 
specimens would be expected to exhibit similar recrystallization char- 
acteristics. However, the results of the X-ray investigation suggest 
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another factor that may be instrumental in causing the specimens having 
a 60 per cent reduction to recrystallize similarly. This is the indication 
that single crystals may develop the same type of preferred orientations 
as those shown by polycrystalline metal when subjected to severe work- 
ing. If the crystallographic mechanism of the deformation towards the 
latter stages is similar whether the material was originally a single crystal 
or a polycrystalline aggregate, it should not be surprising to find the 
recrystallization process similar in all cases. 

The curves for the lower reductions* indicate a dependence of recrys- 
tallization temperature on orientation. Inasmuch as Fig. 14 shows that 
the hardness developed after a given amount of reduction is dependent 


* Only the curves for a 30 per cent reduction are presented here, since they are 
typical of the results obtained for intermediate degrees of deformation. 
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on the initial orientation, it seems pertinent to inquire whether all of 
the single-crystal specimens, regardless of initial orientation, would 
show the same recrystallization temperature if they were subjected to the 
varying amounts of deformation necessary to produce the same degree 
of hardness. In order to clarify this point, Fig. 19 was derived from the 
recrystallization data. The recrystallization temperature was taken to 
be the temperature at which the first inflection point occurs in the recrys- 
tallization curve. The fact that the nine points, representing five dif- 
ferent orientations, lie approximately on a smooth curve suggests that 
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under the conditions of these experiments the recrystallization tempera- 
ture is determined primarily by the degree of hardness attained in the 
working process. No particular significance is attached to the fact that 
in Fig. 19 the data are represented approximately by a straight line. 
This is merely a characteristic of the Rockwell F scale. If Brinell hard- 
ness is plotted instead of Rockwell hardness, the points fall on a curve, 
which, though still smooth, has an appreciable curvature. 

No unified and consistent interpretation of data pertaining to the 
association of hardness with recrystallization can be given at the present 
time. Polanyi and Schmid! and Czochralski’ found in their work on 
single crystals of tin and aluminum, respectively, that hardening is not 
directly associated with recrystallization. In the portions of the speci- 
mens where bending of the lamellae was most pronounced, recrystal- 
lization took place preferentially. If the lamellae were restraightened, 
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even though the hardness was increased, recrystallization did not occur. 
Van Arkel and his co-workers,':2° who worked with polycrystalline 
metals, on the other hand, have described evidence pointing to the 
existence of a direct relationship between hardening and recrystallization. 
Beck,?! in summarizing his own results, concludes that ‘there is no direct 
physical relationship between hardening and recrystallization.”’ 

In view of this diversity of opinion, it should be emphasized that a 
relationship such as the one shown in Fig. 19 is of necessity an approxima- 
tion, and is applicable only under conditions similar to those obtaining 
in the present experiments. 

In conclusion it may be noted that the hardness curves of Fig. 14 
have been considered from a theoretical point of view elsewhere," in a 
more general discussion of the origin of rolling textures. 


SUMMARY AND CONCLUSIONS 


1. A method was described for cutting rectangular parallelepipedal 
specimens, having a definite crystallographic orientation, from large 
cylindrical crystals. The procedure, which was based on X-ray measure- 
ments (back-reflection Laue method), gave accurate results. 

2. The recrystallization process subsequent to various degrees of 
plane parallelepipedal compression was investigated. The results indi- 
cate that for intermediate degrees of deformation single crystals require a 
higher temperature to effect recrystallization, and recrystallize over a 
wider range of temperature than does polycrystalline material. For 
reductions in thickness of 60 per cent or more, the recrystallization 
temperature appears to be independent of the orientation of single 
crystals; in fact, practically no difference was observed between the single 
crystal and the polycrystalline specimens. 

3. An X-ray investigation of the orientation changes accompanying 
the deformation was made. The results prove definitely that the 
orientation (110),[112] is significant for single crystals, as with poly- 
crystalline material, and suggest that the development of textures is 
probably due to a similar mechanism in both cases. 
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DISCUSSION 
(Robert F. Mehl presiding) 


P. A. Becx,* Barber, N. J. (written discussion).—One of the many very inter- 
esting results of this work is that the temperature of recrystallization, as a function 
of the hardness, is invariant with respect to the initial orientation of the compressed 
brass single crystals. I would like to join the authors in their statement that such 
a relationship is of necessity only applicable under conditions similar to those obtaining 
in the present work. The “(hardening rule” of Van Arkel is also valid under analogous 
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restriction only. This rule states that in stretched polycrystalline aluminum strips 
the grain size of the recrystallized material, as a function of the hardening, is invari- 
ant with respect to the initial grain size of the strips. 

These relationships, obtaining under certain well-defined conditions, do not 
involve any contradiction to the fact that hardening has no direct physical relation 
to recrystallization. The situation here is somewhat similar to that of a gas under 
compression, where there is no physical relation between the volume and the pressure. 
However, such a relation is established if the conditions of the compression process 
are defined (e.g., adiabatic, or isothermic, or the like). Similarly, a certain hardness 
value may be realized by various deformation processes, leading to different recrystal- 
lization properties, but a one to one correlation between hardness and recrystallization 
properties is established if the conditions of the deformation process are defined. 

Consequently, it seems to me that the apparently divergent views of the various 
authors quoted in the paper are not really antagonistic. Each one depicts a part of 
the truth, and they can be reconciled with each other just as well as can the phenomena 
they truthfully describe. 


C. 8. Smirn,* Waterbury, Conn. (written discussion).—The authors show a step 
in the hardness curve resulting from annealing severely deformed alpha brass at 
progressively increasing temperatures, and suggest that it results from a peculiarity 
of the Rockwell test. I do not think that this is so, for, although the Rockwell 
hardness numbers lie on anything but a linear scale in relation to any reasonable 
index of true hardness, there is no reversed behavior in the middle of the range but 
only a progressively decreasing sensitivity as the hardness numbers become higher. 
The Brinell test gives a more linear scale and would not show the step in the curve 
to such a degree just because it is proportionally (not absolutely) less sensitive than 
the Rockwell test on this particular material. 

The true explanation, to my mind, lies in the fact that after recrystallization to a 
small grain size had occurred at the usual temperature, further grain growth was 
inhibited by the presence of inclusions or some precipitated material and that at a 
higher temperature these inclusions coalesced or dissolved and allowed normal grain 
growth and softening to occur. Common brass with appreciable iron content behaves 
in much this way, and, indeed, one can almost plot the change of solubility of iron 
in brass by noting the temperature at which grain size and hardness become normal 
for brasses of different iron contents. 


C. S. Barrert,t Pittsburgh, Pa. (written discussion).—It is pleasant to see how 
well deformation textures can be explained by single-crystal behavior, both in the 
deformation of a face-centered cubic alloy in this research and in the compression of 
body-centered cubic iron reported by the writer at this meeting.2? Studies of the 
deformation of iron by rolling, which Dr. Gensamer and I are now carrying out, are 
also showing a good correlation between single-crystal and polyerystal behavior, 
and Mr. Levenson and I are finding a similar correlation between single crystals and 
polyerystals in the texture of iron wires. It is not unlikely that all deformation 
textures will soon be found to be entirely consistent with single-crystal behavior, 
particularly when the single crystals are deformed in a manner consistent with their 
deformation in the aggregate. 


* Research Laboratory, American Brass Co. 
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2 C. 8. Barrett: The Structure of Iron after Compression. A.I.M.E. Tech. Pub. 
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The orientation that appears with low intensity in each of the authors’ pole 

figures of deformed single crystals, which is related to the predominant orientation 
by a rotation of 180° about the flow direction, is of fundamental importance in the 
mechanism of cold-rolling of alpha brass, I believe. Crystalline fragments of this 
orientation would etch differently from the main portion of the deformed crystal 
and would appear under the microscope as patches or bands. Since the single crystals 
seem to behave like the individual grains in an aggregate, there would also be areas 
of differing orientation within a single grain of an aggregate. From this it can be 
concluded that the phenomenon of duplex orientation in the authors’ pole figures is 
analogous and probably identical with that of etch bands, or deformation bands, in 
rolled alpha brass. Mathewson and Phillips?* noticed these bands in 1916, and many 
investigators have discussed them; I have included a review of the subject in the 
paper on the structure of iron (ref. 22). 
_ The relation in orientation between major and minor constituents in the pole 
figures is the twinning relation, or closely approximates this, as one would expect 
from the work of Samans*‘ on the deformation markings in 70:30 brass. I do not 
think, however, that mechanical twinning is the basis for this relationship, for the 
gradual increase in visibility of the bands with increasing deformation, noted by 
Mathewson and Phillips (ref. 23) indicates a progressive rotation of the lattice in 
adjacent bands away from each other, and not a sudden twinning into the final 
orientations. The development of deformation bands during compression of iron 
is definitely a gradual process (ref. 22), unlike twinning. 

It seems safe to conclude that the duplex deformation texture of rolled brass is 
developed from deformation bands much as the double fiber texture of iron is devel- 
oped during compression. Individual crystals of certain special orientations go 
homogeneously to a single final orientation, while others, starting from a different 
orientation, divide into bands and rotate toward different final positions. The 
relative amounts of material in the two final orientations of a deformed crystal must 
be a function of the initial orientation of the crystal, and although the authors find 
only a small amount of the second orientation there will probably be equal amounts 
of the two in some crystals. 

If deformation bands occur in rolled alpha brass, I think they can be anticipated 
in all face-centered cubic metals and alloys after rolling, for the deformation textures 
are much alike. ‘There is, in fact, good evidence for them in published photographs 
of rolled copper, cupronickel, cupronickel-manganese, and silver. 


C. H. Maruewson (written discussion).—Dr. Beck appears to agree with us that 
the relationship between recrystallization and strain-hardening contains many ele- 
ments of variability and that recrystallization is essentially dependent upon what may 
be called a secondary lattice distortion apart from the effects that are inherent in 
the pure shearing action and are doubtless responsible for the major part of the 
strain-hardening. 

Dr. Smith’s discussion of the hardness curves should be considered in the light 
of the following additional explanation. The relation between Brinell and Rockwell 
F numbers given by Dr. Pickus in his dissertation is practically linear above approxi- 
mately 90, a point of coincidence on both scales. In this region a difference of one 
Rockwell number corresponds to some 414 Brinell numbers but at about 56 Brinell 
(=66 Rockwell) the steps have become equal and at about 38 the two scales again 


230, H. Mathewson and A. Phillips: Reerystallization of Cold-worked Alpha 
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coincide. Here, a difference of one Rockwell number corresponds to approximately 
half a Brinell number. The entire curve has no appearance of discontinuity, but 
when it is used for the substitution of Rockwell numbers on a smooth curve of Brinell 
hardness vs. annealing temperature, such as the one represented in Fig. 18, a step, 
or irregularity, occurs, as shown in Fig. 17. This seems to be inherent in the variable 
relation between Brinell and Rockwell numbers throughout the range of plotting 
and does not require a displacement of points due to interrupted grain growth, as 
suggested by Dr. Smith. 

The absence of twin orientations in strain-hardened alpha brass presumed by 
Dr. Barrett seems improbable, as it constitutes a rejection of evidence already avail- 
able in the other direction. The view that twin nuclei generate spontaneously on 


mee Fic. 20.—NEwW ORIENTATIONS. 
a, b, d, ¢ indicate octahedral poles first orientation; mn, e, c, octahedral poles com- 
plementary orientation. In twin orientations first letter indicates twinning plane; 
second letter relocated octahedral pole. j 


annealing after strain would be more attractive if a prerequisite condition of severe 
lattice disorganization could be established. In reality abundant twins are seen on 
annealing after slight deformation (of either single or polycrystalline metal) and it 
may be imagined that slip is not simple translation in the <110> direction, but a 
resultant of differentiated movements 30° to the right and left of the slip direction; 
one producing a twin orientation and the other a return to the original orientation. 
The process might stop randomly at either end point and thus produce adjacent 
(thin) lamellae of either orientation. 

The first step toward further progress with such an assumption would be to demon- 
strate the presence of the twin orientations in worked, but unannealed, metal and 
it is believed that Dr. Samans did this in 1934. The opinion that mechanical twinning 
as expressed by a rotation of 180° around F as an axis, is not responsible for the rela 
tion between major and minor constituents of the pole figures shown on page 170, is 
probably correct because this would correspond to twinning by shearing action stout 
the octahedral plane whose pole is at 7’, and this is not held to be an active plane, at 
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least in a late stage of the deformation. On the other hand, twinning along the 
octahedral plane of high resolved shear stress whose pole is shown prominently in 
the neighborhood of 35° from the center of the projection, Fig. 10, would give a 
rather interesting new octahedral pole, ad, shown in Fig. 20. This seems to offer a 
better rationalization of the diamond-shaped coverage in the lower right-hand quad- 
rant of Fig. 10 than an assumption of band rotation into a position symmetrical with 
the major orientation. The entire set of new orientations obtained by twinning along 
the active slip planes a and 6 and the planes m and n of a possible complementary 
band are shown in Fig. 20. This may be of value in the interpretation of the pole 
figure in Fig. 13, from von Géler and Sachs, which according to this view contains 
poles in the major positions developed from different crystal orientations with or 
without band formation and secondary poles developed by twinning as an accom- 
paniment of slip on the active planes. Obviously, the complicated mechanism of 
slp, twinning and rotation must be studied in much greater detail before the exact 
origin of these textures can be specified. For example, the absence or weak mani- 
festation of minor constituents in Fig. 9 gives poor support to the theory of mechanical 
twinning, but it may be due to a weakening of intensity maxima from distortion by 
conjugate slip across the twin lamellae. 


Rates of Diffusion of Copper and Zinc in Alpha Brass 


By Ernest KirKENDALL,* Junior Memper A.I.M.E., Lars THOMASSEN,} AND 
Cuatr Uprnecrove,t Memper A.I.M.E. 


(Detroit Meeting, October, 1938) 


THE amount of research done in the last few years on the subject of 
diffusion in solid metals is significant of the importance of this problem. 
To review the literature dealing with diffusion is unnecessary here. 
Desch! in 1912 reviewed the work that had been done on diffusion in solids 
and gave a bibliography of the literature published before that time. 
Mehl’s paper in 1936? is an excellent review of diffusion in metals and 
contains a large bibliography. Of importance also for its review and 
bibliography is an article by A. I. Krynitsky.’ 

While considerable material has appeared in the literature on diffusion 
in brass, the amount of information is not great compared to that pertain- 
ing to some of the other alloys. Most of the information published is of a 
qualitative nature; that which is quantitative varies considerably. Thus 
the quantitative determination of the rates of diffusion of copper and zine 
in alpha brass by a new method appeared worth while. 

In the present investigation the rate of diffusion of zine in approxi- 
mately the same composition alpha brass has been determined at 
three temperatures. 


PROCEDURE 


The method used consisted of plating copper on a beta brass, heating it 
to allow diffusion to take place, and measuring the concentration of 
copper by determining the lattice constant of the alloy. This method is 
unique in that it uses a beta brass of such a composition that at the tem- 
perature at which diffusion takes place the beta brass is saturated with 
copper. Thus, while the beta brass supplies the zinc, no diffusion takes 
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place in the beta brass. As fast as zine is taken from the beta brass, the 
beta brass changes to alpha brass and all of the diffusion takes place in one 
phase. Table 1 gives the compositions of the various brasses used. 


TaBLE 1.—Brass Analyses 
ieee ee oe NE A ee oe eee pony Be 


Brass Per Cent Zine oe earn Used, 
A 56.41 600 
B Oaaoe 655 
Cc 58.638 720 


Ingots of the compositions given were cast, using zine of 99.99 per cent 
purity and copper 99.94 per cent. These were then rolled and annealed in 
several stages to produce a chemically homogeneous strip 1 in. thick. 
These strips were cut into 4-in. lengths, machined and two surfaces 
polished until*parallel to within 
less than one,half of one thou- 
sandth of one inch. Copper was 
electroplated onto these strips to 
a depth of about 0.010 in. on 
each surface, and the bars were 
heated under vacuum at 450° C. 
for a few hours, to remove any 
occluded hydrogen. 

The degassed copperplated 
brass bars were now ready for the 
actual diffusion treatment. A 
sample 3g in. long was cut from 
one end of each bar, polished, 
etched and photographed to show 
the original stock before the Ita. 1.—SHOWING LOCATION OF SURFACES TO 
diffusion treatment (Fig. 2). The BE EXAMINED ON PLATED BRASS BAR. 
bar was then heated for the pre- Surface A is to be exposed when the 

: : : metallographic sample is mounted in Bake- 
scribed times at the desired tem- Jite. Side Band the opposite side are to be 
peratures in an electric muffle ground down to the beta brass before the 

X-ray sample is mounted .in Bakelite with 
furnace. The temperatures were surface C exposed. 
controlled to within plus or minus 
3° C. At the end of the prescribed time for diffusion, the bar was 
removed from the furnace and quenched in water. After heating, the 
flat sides, of which surface C (Fig. 1) is a part, were polished to insure 
their being flat. Two pieces 3¢ in. long were then carefully cut from the 
bar, and the bar returned to the furnace for further diffusion. 

The first sample was mounted in Bakelite with surface A (Fig. 1) 
exposed. This provided a cross section for the photomicrographs. 


beta brass 
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The second sample was mounted in Bakelite so that surface C was 
exposed. The second sample was to be used for the X-ray pictures. 


y CF PS Valet 
Spee 
EEN Rap aos ies 
i te we 
Katee 2 uh % Ae 
RE NECN SON ob Soe Bn 


Fic. 2.—B smRIgs, ANNEAL 


ED STOCK BEFORE DIFFUSION TREATMENT. XX 200. 
Fig. 3.—B sprins, HEATED 1 HOUR AT 655° C. AND QUENCHED. X 200, 


Fic. 4.—B series, 


HEATED | HOUR AT 655° C. AND QUENCHED. X< 200. 
Fic. 5.—B seriss, 


HEATED 4 HOURS AT 655° C. AND QUENCHED. X 200. 
During the heating operation described above, some of the beta brass 
and some of the copper become alpha brass. This produces a layer of 
alpha brass, bounded on one side by beta brass and on the other side by 
pure copper. The alpha brass layer was uniform enough to permit 
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several X-ray back-reflection pictures to be taken at different depths and 
thus determine the concentration gradient. The amount of metal dif- 
fusing across the original interface was measured by determining the 


Bis TX 


Fig. 6.—B sERIES, HEATED 10 HOURS AT 655° C. AND QUENCHED. 
Fic. 7.—B SERIES, HEATED 24 HOURS AT 655° C. AND QUENCHED. 
Fig. 8.—B sERIES, HEATED 96 HOURS AT 655° C. AND QUENCHED. 
Fig. 9.—B sERIES, HEATED 96 HOURS AT 655° C. AND QUENCHED. 


depth of the alpha layer metallographically and obtaining from the X-ray 
data the composition of the alpha phase from the original to the final 
alpha-beta interface. 
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The X-ray sample was polished to the desired depth, that is about one 
half of one thousandth of one inch less than the location of the desired 
back-reflection picture. The remainder of the metal was removed by 
etching in a 25 per cent aqueous solution of nitric acid. X-ray pictures 
were taken, each 0.001 to 0.003 in., depending upon the sample. From 
the location of the lines appearing on the X-ray film, it was possible to 
calculate the lattice constant for the brass at the depth examined. From 
the lattice constant it was possible to calculate the composition of the 
alpha brass at each of the layers examined. 

The X-ray tube used was a gas tube with a cobalt target. The sample 
was placed in the center of the camera and rotated by a small motor in a 
plane perpendicular to the X-ray beam during the exposure. Carefully 
reduced gold powder was sprinkled as a thin layer on each sample to act as 
a reference substance. This made it unnecessary to know accurately the 
film-to-sample distance and has been shown to give very accurate results. 


RESULTS 


Figs. 2 through 15 show the photomicrographs of the samples at 200 
diameters. The first eight photomicrographs show all of the samples for 
the B series. The remaining six show the three more important samples 
of each of the other series. An alpha brass layer is formed on each side of 
the original interface. The alpha layer inside of the original interface 
is composed of large columnar grains with a definite final interface caused 
by the change in phase. The higher copper alpha brass layer outside the 


TABLE 2.—E ffect of Time and Temperature on Diffusion 


Sample No. Temperature, Deg. C. Time, Hr. Penetration,* In. 
A2 600 2 0.0009 
A3 600 9 0.0018 
A4 600 24 0.0030 
A5 600 96 0.0054 
A6 600 339 0.0094 
B2 655 1 0.0010 
B38 655 4 0.0021 
B4 655 10 0.0030 
Bb5 655 24 0.0048 
B6 655 96 0.0098 
C2 720 1 0.0016 
C3 720 3 0.0028 
C4 720 8 0.0048 
C5 720 16 0.0069 
C6 720 24 0.0086 


Cea oe ed Ne Reis BAe ebe le eS 
« Penetration was measured as the distance between the original interface and the 
final alpha-beta interface. 
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original interface shows no change in grain shape nor a definite final 
interface, since copper and alpha brass have the same atomic ar rangement. 
Fig. 2 ee the degassed stock for series B just before the diffusion 
treatment. This sample after cooling slowly has an alpha plus beta core 
surrounded a3 the ani Figs. 3 and 4 as well as 8 and 9 are 


Time in Hours 
Fig. 16.—EFreEct OF TIME AND TEMPERATURE ON DIFFUSION IN ALPHA BRASS. 
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duplicates as far as measurements are concerned. Taken at different 


seqouy uy pits 
positions on the same sample, these show that the alpha layer formed 
between the original and final interface is uniform in depth. 
Since the original and final alpha-beta interfaces are definite, all cal- 
culations are based on the diffusion of copper into this layer. An equal 
number of atoms of zinc must diffuse out of this layer to produce a higher 
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copper alpha layer just outside the original interface, but its outer bound- 
ary is not definite microscopically. The side showing the new interface is 
used because in determining the amount of metal diffusing only the change 
on one side of the original interface need be known. ‘Table 2 gives the 
distance between the original and final interfaces for each sample. These 
data are shown on a log-log plot of time versus temperature in Fig. 16. 
Three straight lines are produced. 

The quantitative treatment of diffusion in solid metals is based on 
Fick’s law: 


dm = —DA(de/dzx)dt (1] 


where dm is the amount of matter diffusing in time dé in the direction of a 
concentration gradient —dc/dx and across an area A. D is the diffusion 
coefficient. Thus D represents the number of grams of material diffusing 
across an area of one square centimeter in one second and in the direction 
of a concentration gradient of one gram per cubic centimeter per centi- 
meter. JD is constant only if the temperature and composition remain 
constant. A change in phase causes D to change abruptly and a change 
of concentration within a phase produces a corresponding change in D. 

In computing rates of diffusion, it is necessary to know the concentra- 
tion gradient at the point where the diffusion rate is being measured as 
well as the amount of metal transferred. Both of these factors can be 
obtained by determining the composition of the brass at various locations 
by means of X-ray pictures. The results obtained are given in Tables 
3, 4 and 5. 

Plotting the X-ray data showing the variation in zine content at 
various depths, a graph similar to Fig. 17 is obtained. When the dis- 
tance between the original and final interfaces was divided into 10 equal 


TaBLE 3.—X-ray Data for Master Curve for Series A 


Location of Picture 4 
Sample No. ao pees vane tue Per Cent Zine 
In. Units 
A5 0.0054: +0.0040 +7.4 3.6116 1 
A5 0.0054 0.0000 0.0 3.6818 32 
A5 0.0054 —0.0020 —3.7 3.6905 35.5 
A5 0.0054 —0.0040 —7.4 3.6940 37 
A6 0.0094 +0.0075 +8.0 3.6098 0 
A6 0.0094 +0.0055 +5.9 3.6144 2 
A6 0.0094 +0.0025 +2.7 3.6651 25 
A6 0.0094 0.0000 0.0 3.6802 31.5 
A6 0.0094. —0.0030 —3.2 3.6878 34.5 
A6 0.0094 —0.0065 —6.9 3.6946 37 


ee eee 


ERNEST KIRKENDALL, LARS THOMASSEN AND CLAIR UPTHEGROVE 195 


TABLE 4.—X-ray Data for Master Curve for Series B 
ee ee 


Location of Picture 


Sample No. Se a par oe sek Per Cent Zinc 
In. Units a 
B5 0.0048 +0.0040 +8.3 3.6147 2.5 
Bd 0.0048 +0.0028 5.8 3.6201 5 
Bd 0.0048 +0 .0008 +1.7 3.6612 23.5 
Bd 0.0048 —0.0004 —0.8 3.6799 32 
Bd 0.0048 —0.0020 —4,2 3.6850 33 
B6 0.0098 +0.0083 +8.5 3.6096 0 
B6 0.0098 +0 .0060 +6.1 3.6192 4.5 
B6 0.0098 +0.0051 +5.2 3.6364 13 
B6 0.0098 +0.0041 +4.2 3.6492 18.5 
B6 0.0098 +0.0025 +-2.5 3.6585 22.5 
B6 0.0098 0.0000 0.0 3.6742 29 
B6 0.0098 —0.0020 —2.0 3.6808 35 
B6 0.0098 —0.0038 —3.9 3.6874 34 
B6 0.0098 —0.0057 =—5.8 3.6893 35 
B6 0.0098 —0.0082 —8.4 3.6934 36.5 


TaBLE 5.—X-ray Data for Master Curve for Series C 


Location of Picture 


Sample No. aed s ori as SA oes Per Cent Zine 
In. Units 
C4 0.0048 +0.0045 aE One, 3.6111 0 
C4 0.0048 +0.0020 ae) 3.6558 Oye 
C4 0.0048 0.0000 0.0 3.6786 31 
C4 0.0048 —0.0020 4.2 3.6870 34 
C4 0.0048 —0.0035 —7.3 3.6897 35 
C5 0.0069 +0.0055 +8.0 3.6122 1 
C5 0.0069 +0.0035 bel 3.6370 13 
C5 0.0069 +0.0010 4 3.6600 23 
C5 0.0069 —0.0005 —0.7 3.6759 29.5 
C5 0.0069 —0.0030 =4 8 3.6844 33 
C5 0.0069 —0.0055 —8.0 3.6889 35 
C6 0.0086 +0.0060 7.0 3.6170 3.5 
C6 0.0086 +0.0035 +4.1 3.6449 17 
C65 0.0086 +0.0015 ae 3.6630 24.5 
C6 / 0.0086 —0,0005 —0.6 3.6751 29 
C6 | ~—s« 0.0086 —0.0025 269 3.6829 32.5 
°C6 0.0086 —0.0045 5.9 3.6876 34.5 
C6 0.0086 —0.0070 a8° 1 3.6897 35 
ye ee ES ae ee Se rd ne 
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units and the zinc content at the beginning of each unit was measured 
and replotted using units as abscissas, the curves for various times at any 
one temperature coincided. The curve resulting from this procedure is 
designated as the master curve in this paper. It was not possible to 
obtain enough X-ray data to determine the shape of the individual curves 
unless diffusion had continued long enough to produce a diffusion band at 
least 0.005 in. thick. Since this minimum diffusion band was not obtained 
for all samples, a master curve having units for abscissas was obtained as 
described above, using X-ray data for the samples having a distance 
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Fria. 17.—DIFrFusion CURVES FOR SERIES B. EFFrEect OF TIME ON DIFFUSION AT 655° C. 


between initial and final alpha-beta interfaces of 0.005 in. or more. Fig. 
17, showing complete diffusion curves for samples having diffusion bands 
less than 0.005 in., was obtained from the master curve as described later. 

Fig. 18 shows the master curve for the B series. Actually, to plot a 
point on this graph according to the method outlined above, the abscissa 
in units was obtained by measuring the distance of the surface used for — 
the X-ray picture from the initial copper-brass interface, dividing this 
distance by the distance between the initial and final alpha-beta interfaces 
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for that sample (as obtained metallographically) and multiplying by 10. 
Since the X-rays penetrate to a considerable depth, the compositions as 
determined from the lattice constants were plotted as horizontal lines 
0.001 in. long. The left-hand end of these lines gives the abscissas cor- 
responding to the location of the surface for the X-ray picture. The 
following conditions were satisfied in drawing the master curves: 

1, The areas on both sides of the interface were equal ;1e., an equal 
number of zinc and copper atoms exchanged places. 

2. Both master curve and its first derivative were smooth. 
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Fia. 18.—MAastTEeR CURVE FOR SERIES B. SHAPE OF DIFFUSION CURVE AT 655°. 


The master curves for all three of the series are shown together in 
Fig. 19. ey 

The slopes of the master curves were obtained at the initial interface 
by plotting the derived curve in the vicinity of the interface (Fig. 18). 
This slope gave the concentration gradient when the units were changed to 
the corresponding number of inches for each sample. The factor for this 
conversion was 10 times the reciprocal of the distance from the initial 
to the final alpha-beta interface. 
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Fig. 17 was obtzined by taking points from the master Basen us series 
B and multiplying the abscissa by a factor. This factor was } {0 of the 
distance from the initial to the final alpha-beta interface. The cucu of 
zine, m, diffusing out of the beta brass may be found graphically from such 
curves as are found in Fig. 17. A square unit as obtained by this graphic 
integration and used later in the calculations is 2.5 per cent of the metal in 
a plate 1 sq. cm. in area and 0.001 in. thick. 
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ia. 19.—MasrTER CURVES FOR SERIES A, B anp C. Errecr OF TEMPERATURE ON 
SHAPE OF DIFFUSION CURVES. 


The calculation of the diffusion coefficient was accomplished as follows: 
Rewriting Fick’s law, and using unit area and small increments instead of 
differentials gives: 


D = —Am/(mean de/dzx)At [2] 


A simplified integration was carried out using five increments, with 
de/dx known at the beginning of each increment. However, RR plot 
of m versus dc/dx was not linear, it would not be desirable to use an 
arithmetic mean. The mean dc/dz used was chosen so that in each 
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increment the same amount of metal diffused with a concentration gra- 
dient de/dx greater than that chosen, as diffused with a concentration 


gradient dc/dx less than the mean SNovent: 


TaBLE 6.—Calculation of D for Series A 


The values for each of the 


2 Hr. 9 Hr. 24 Hr. 96 Hr 339 Hr 
mu siuareUnitses.+ ss... one 3.24 6.48 10.80 19.4 33.8 
dc/dx, per cent per 0.001 in. | 29.65 14.83 8.90 4.94 2.84 
Am square units.......... 3.24 4.32 8.6 14.4 
Mean dc/dx, per cent per 
0.001 in. i 19.70 LAOS 6.35 3.63 
ANGATT oS moO Bs ope OR one 7 15 72 243 
D(107!1), sq. cm. per sec... 10.5 ails? 8.5 Uf o@3 
TasBLE 7.—Calculation of D for Series B 
ITE: 4 Hr. LO MELE: 24 Hr 96 Hr. 
m square units............ 3.70 Uothtl 11.10 17.70 36.3 
dc/dx, per cent per 0.001 in. | 23.20 11.04 7.73 4.83 2.37 
Am square units.......... 4.07 3.33 6.66 18.54 
Mean dc/dx, per cent per 
(WCCO erate 5 re aes ae 15.0 8.95 5.95 3.25 
AN Gwlalies 25 aly Che RCC? OOO 3 6 14 72 
D(107!°), sq. em. per sec... 4.1 2.4 3.6 3.6 
TaBLE 8.—Calculation of D for Series C 
i Gabe 3 Er. 8 Hr. 16 Hr. 24 Hr. 
mousqiare UNIS: ...5ace8. = 6.08 10.64 18.24 26.22 32.67 
dc/dzx, per cent per 0.001 in. | 12.50 7.14 4.17 2.90 D2 
Am square units.......... 4.56 7.60 7.98 6.45 
Mean ae per cent per 
0.001 in. : : 9.05 5.26 3.38 2.01 
Nts is OS eee 2 5 8 8 
D(10-*), sq. cm. per sec... 1.14 1.30 Fa? 1.45 


quantities used in equation 2 as well as the calculated D’s for series A, B 
and C, are given in Tables 6, 7 and 8. 
The four D’s for each temperature as obtained by equation 2 were then 
weighted according to the amount of metal diffused during the time that 
each was measured and averaged. These values are given in Table 9. 
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TABLE 9.—Diffusion Coefficients for Various Temperatures 


Series Temperature, Deg. C. De 
A 600 SG 5< 10ae4 
B 655 Shy, p< It 
C 720 [eo OG LOs 


Discussion OF RESULTS 


Of the various equations used to calculate diffusion coefficients at 
different temperatures, the equation 


D = Aeon [3] 


Diffusion Coefficient cm.*/sec. 
r 
rs 
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Fig. 20.—DIFFrusION COEFFICIENTS FOR ZINC IN ALPHA BRASS. 
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is probably the most commonly used. D is the diffusion coefficient, A is 
a constant, ¢ is the base of the natural logarithms, @ is the heat of diffu- 
sion per gram atom, F is the gas constant and 7’ is the absolute tempera- 
ture. By expressing this equation in the form 


log D = log A — (Q/RT) loge [4] 


@ may easily be determined algebraically if the value of D is known at 
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each of two temperatures, or Q may be determined graphically by plotting 
the logarithm of D against 1/7 and finding the slope of the resulting 
straight line. Q really expresses the effect of temperature on the rate of 
diffusion, and often is given along with the diffusion coefficients. 

Fig. 20 is a plot of log D versus 1/T. The various published values of 
D are shown on this plot as well as the results of this investigation. The 
wide variation in results is apparent. In most cases, sufficient informa- 
tion concerning the experimental procedure has not been published to 
make it possible to make a definite comment on the reason for these 
discrepancies. While one would not expect the data to fall on a single 
diagonal straight line, inasmuch as D varies considerably with the con- 
centration of the alpha brasses used, the wide discrepancy is probably due 
not so much to the different brasses used as it is to the assumption made 
by some investigators in order to facilitate their calculations that D does 
not vary with concentration. In the author’s work, Fick’s fundamental 
diffusion law was used. Calculations were based on the composition of 
the brass at the original interface, which was constant. 

Using equation 3 and the data in Table 9, Q may be calculated and is 
found to be 39,100 cal. per gram atom. 

This value for Q, which can also be obtained from the slope of the lines 
in Fig. 20, is very close to that of Dunn’s work as well as Bugakov and 
Neskuchaev’s work. In other words, while the diffusion coefficients are 
different, they show the same variation with temperature. Rhines’ 
work*® gives a value for the diffusion coefficient very close to that of the 
authors’ (Fig. 20).* 

The complete Dushman-Langmuir equation: 


D ={Q/ Nh) de 0" [5] 


requires only one value of D for its solution. WN is the Avogadro number, 
h is Planck’s constant and delta is the interatomic distance. Although 
several experimenters have doubted its veracity, it is possible that lack of 
accurate measurements may account for this skepticism. Using the data 
of Table 9 and a delta of 2.61 X 10-8 cm., Q will be found to have the 
following values: 

Q = 38,000 cal. per gram atom at 600° C.; 37,700 at 655° C., and 
37,800 at 720° C. 

The agreement between the value for Q as obtained by the Dushman- 
Langmuir equation (about 38,000 cal. per gram atom) and the more 
generally accepted equation 3 (about 39,000 cal. per gram atom) is 
very good. 


* Rhines’ work was published in part in 1937 and later in full subsequent to the 
completion of the present work. 
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SUMMARY 


The purpose of this investigation was to determine the rate of diffusion 
of zine and copper in alpha brass, and to ascertain the effect of temperature 
on the rate of diffusion. 

Three diffusion coefficients have been determined at three different 
temperatures on substantially the same alpha brass. From these results 
it is possible to calculate the probable rate of diffusion in this alpha brass 
at any temperature below its melting point, by means of either of two 
equations cited in this paper. 

The method used has made it possible to eliminate any uncertainties 
concerning the variation of rates of diffusion with concentration as well 
as those concerning the superficial area of a porous surface, factors that 
have entered into earlier investigations. 

The coefficients of diffusion as determined in this investigation are 
given in Table 10. These rates of diffusion have been shown to fit the 


TABLE 10.—Coefficients Determined in This Investigation 


SC Ge Temperature, Deg. C. nee 
SiO mee O nt 600 28.3 
3.54 X 10710 655 26.8 
a te Oe? 720 25.3 


generally accepted equation 
D = Ae-wer 


which shows the effect of temperature on diffusion. The value of Q in this 
equation has been found to be 39,000 cal. per gram atom, from the 
results listed. 

The substitution of any one of the diffusion coefficients from Table 10 
in the less empirical equation 


D = (Q/Nh) 8%" 


gives a value for Q of about 38,000 cal. per gram atom, which is in excep- 
tional agreement with the value of Q just mentioned. 
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DISCUSSION 
(Robert F. Mehl presiding) 


F. K. Savace, * Elkhart, Ind. (written discussion).—In electrodepositing any metal 
upon another, the matter of films must be carefully considered. It is possible under 
carefully controlled conditions to electrodeposit one metal upon another and maintain 
the same crystal orientation in the deposit as that of the basis metal. At times the 
grains in the deposit are a continuation of the grains in the surface of the basis metal. 
Films of practically any nature on the basis metal inhibit this grain continuation and 
the structure of the deposit has no relation to it. These films may be of an alkaline 
nature like those obtained from an alkaline cleanser, oxides of various types resulting 
from overcleaning or exposure to air, or a smut of other metals picked up some place in 
the cleaning operation. It seems logical to believe that there might be inconsistent 
results in the rates of diffusion if it took place through a film of some nature in one 
case and through a perfect film-free metal to metal bond in another. The fact that the 
deposit is adherent is no proof of a perfect bond or the absence of films in the interphase. 

The authors stated that the beta brass basis metal was rolled and annealed several 
times to produce a perfectly homogeneous strip. Although the electrodeposit was 
pure copper, the conditions of plating, temperature, current density, agitation and 
bath composition may affect the grain size and conformation tremendously. This, 
added to the fact that the grains of an electrodeposit tend to orient themselves always 
normal to the surface in long needlelike crystals, might give rise to considerable 
variation between different samples. This variation, if it is a factor in the rate of 
diffusion, might lead to erratic results, particularly in view of the fact that the deposit 
was not rolled and annealed as was the basis metal. 


E. O. KirKenDALL, L. THomassENn AND C. UptHEecRove (written discussion).—The 
method used by the authors to avoid a film at the interface consisted of machining the 
brass strips, polishing them by hand with emery paper, immediately cleaning the strips 
with benzene to remove any oil films or abrasive, and then electroplating. It is not 
contended, however, that the crystal orientation of adjacent crystals in plate and base 
metal are the same, since beta brass is body-centered cubic and copper is face-cen- 
tered cubic. 

While the conditions for electroplating were all substantially the same, slight 
variations in grain size and shape might arise. The effect of such variations was 
avoided, since rates of diffusion were measured over increments of time and the first 
increment of time of one or two hours was not used in making calculations. Thus 
recrystallization of the plate had an opportunity to take place before affecting the 
measured diffusion rate. The grain size would be characteristic of the temperature at 
which diffusion took place, as would be true for most commercial diffusion problems. 


* Electrochemical Engineer, C. G: Conn, Ltd. 


The Martensite Transformation in Beta Copper- 
aluminum Alloys 


By Aupren B. Grenincer,* Junion MemBer A.I.M.E, 
(New York Meeting, February, 1939) 


Tuar metallographic structures analogous to the martensite of steel 
may be found in certain copper-aluminum and copper-tin alloys has 
been known for many years; similar structures recently were found in 
certain copper-zine alloys.! In all three of these alloy systems the 
martensite structures result from transformation of the metastable 6 
phase when the speed of cooling from the 8 range is sufficiently high to 
suppress decomposition into equilibrium phases. f 

In the normal decomposition of solid solutions into equilibrium phases, 
diffusion is needed to bring about the necessary changes in concentration, 
and the rate of reaction falls almost to zero at temperatures slightly 
above room temperature. The rates of reaction for martensite processes, 
however, are not dependent upon temperature; the transformation does 
not require readjustments of concentration. For example, the marten- 
site transformation in 60:40 (8) copper-zine does not begin until the 
temperature has dropped to about minus 30° C., and then continues down 
to minus 130° C. and probably even at lower temperatures.! Further- 
more, martensite processes apparently proceed only while the tempera- 
ture is falling, within the proper range, and cease completely while the 
temperature is held constant;{ and they cannot be suppressed by 
extremely rapid cooling although the rate of cooling for some alloys may 
be increased to over 10,000 times the critical cooling velocity. 

Isaitschew, Kaminsky and Kurdjumow? account for these observed 
behaviors of martensite processes by postulating that the mechanism: 
“ ., . consists in a regular rearrangement of the lattice in such a way 


Manuscript received at the office of the Institute Nov. 1, 1938. Issued as T.P. 
1039 in Merats Tecunouoey, February, 1939, 

* Assistant Professor of Metallurgy, Graduate School of Engineering, Harvard 
University, Cambridge, Mass. 

1 References are at the end of the paper. 

} The minimum cooling speed that will accomplish this end is usually referred to 
as the critical cooling velocity. 

{ Although experimental data accumulated by many investigators during the 
past 10 or 15 years are almost conclusive in establishing this as a fact, the point has 
been given little attention by many metallurgists. The martensite-time relationship 
will be discussed at length in a future publication dealing with the martensite trans- 
formation in iron-carbon alloys. 
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that the relative displacement of neighboring atoms does not exceed the 
interatomic distances and the atoms do not interchange places.”’ This 
statement fortunately avoids the use of the term “shearing process,” 
so often applied to martensite transformations, and focuses attention 
on the more general picture of “regular lattice rearrangement without 
concentration changes.’”’ Patently, there is need for a considerable 
amount of crystallographic data in order that the martensite mechanism 
may be described more precisely. Recent studies of orientation habits 
of martensite plates in copper-zinc,! copper-tin,! and hypereutectoid 
iron-carbon alloys’ have shown that these plates, although possessing 
excellent parallelism, do not form along any principal crystallographic 
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planes of the matrix lattice;* i.e., their orientation habits are irrational. 
It appears desirable to extend these data to include the martensite 
structures in 8 copper-aluminum alloys; in these the relatively large 
size of the martensite plates should permit a determination of both 
orientation habit and lattice relationships for an individual marten- 


site plate. 
Previous Work 


The copper-rich portion of the copper-aluminum equilibrium diagram 
is shown in Fig. 1. The crystal structures of the equilibrium phases 
found in this section of the diagram are as follows: alpha, face-centered 


* The results of Greninger and Troiano on the orientation habit of martensite in 
hypereutectoid steel have recently been confirmed by Phragmen.* 
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cubic;®® beta, body-centered cubic, random;’ delta, y brass structure, 
ordered;> gamma, uncertain. * 

The eutectoid a + 6 has a metallographic structure closely resembling 
that of pearlite® in steel and is obtained only with very slow furnace 
cooling (about 1° C. per minute). If the velocity of cooling from the 
6 range is of the order of 1° per secondt (for compositions near the 
eutectoid), the formation of eutectoid is suppressed and the structure 
at room temperature is the so-called acicular 8, or 6’ martensite. A most 
elucidative study of the transformations in 8 copper-aluminum has been 
made by Wassermann,’ using a high-temperature X-ray camera with 
single-crystal specimens of composition 11.9 and 12.7 per cent Al. X-ray 
patterns obtained from specimens containing 12.7 per cent Al at tempera- 
tures between 580° and 750° C. showed only lines of a disordered body- 
centered cubic lattice; while patterns taken at 320° C., after rapid cooling 
from 630° C., showed lines of an ordered body-centered cubic lattice 
(which Wassermann has named 6,)... At room temperature the specimens 
consisted entirely of 6’. Additional X-ray work showed that the p’ 
structure remains unchanged on tempering up to 300° C. (exposure times 
varied between 214 and 3 hr.); at 310° C. both 6’ and f; were present, 
while at 320° C. the specimen again consists entirely of B;. At 350° C. 
lines of a and 6 appeared during the 3-hr. exposure. Thus, upon “rapid” 
cooling from the 8 range, the transformations are B — 8; — 6’, and upon 
reheating, B’ > Bi > a + 6 > 8; the transformation 8; = #’ is completely 
reversible. Wassermann made no attempt to measure the temperature 
of ordering on cooling; he places the transformation range of 8; — 8’ for 
12.7 per cent Al at 280° to 300° C. 

Wassermann’s results have been confirmed and extended by Kurd- 
jumow and co-workers?:?!*-!9.20 with thermal, X-ray, and microscopic 
methods. Thermal analyses on an alloy of 12 per cent Al showed two 
sharp heat effects (at 500° and 380° C.) on cooling, and a weak effect (at 
450° C.) and a sharp effect (at 525° C.) on heating;'! apparently changes 
in cooling velocity had no effect on the temperatures of the two cooling 
points. The upper point was ascribed to the transformation B @ 8; and 
the lower point to 6: @ 6’. Working with alloys of higher aluminum 
content, Kurdjumow and Stelletzky! discovered a new martensite lattice 
having a crystal structure different from that of 6’, which they 


* Bradley and Jones® state that a sample of 15.9 per cent Al quenched from 
1000° C. gave an X-ray pattern identical to that of the same alloy annealed at 500° C.; 
they conclude that y phase must be the same as 5. No high-temperature X-ray 
work has been done in the y field. 

} There has been no systematic work on critical cooling velocities. for 8. copper- 
aluminum alloys. The cooling speeds and resulting structures referred to here aré 
given by Wassermann’ for a specimen containing 12.7 per cent Al. It is known that 
the critical cooling velocities are considerably higher for compositions that depart 
substantially from the eutectoid, 


ALDEN B. GRENINGER 207 


named y’. Gawranek, Kaminsky and Kurdjumow® extended this work 
and determined, by means of cooling curves, martensite transformation 
temperatures for 6B; — y’ for alloys of compositions between 12.9 and 
13.5 per cent Al. Specimens (size not stated) were first quenched from 
the 6 range into an oil bath at 250° to 300° C. and thermal curves were 
then recorded with the specimens cooling in air at a rate of about 5° C. 
per second. End structures were determined by X-ray methods. For 
each alloy, only one heat effect was observed between 300° C. and room 
temperature; and the temperature-versus-composition curve for B; > 7’ 
was found to be continuous with that for 8; > 6’. A summary of their 
results is shown graphically in Fig. 2. The curve here represented is a 
counterpart of the familiar Ar’ curve for iron-carbon alloys. According 


11S 12 12.5 13 13.5 14. %®AI 


Fic. 2.—INFLUENCE OF COMPOSITION ON MARTENSITE TRANSFORMATION TEMPERATURE 
IN 8 COPPER-ALUMINUM ALLOYS. 
From the work of Gawranek, Kaminsky and Kurdjumow.® 


to these authors, 8’ results from rapid cooling of alloys containing less 
than 12.9 per cent Al; a mixture of 6’ and y’* from alloys between 12.9 
and 13.1 per cent Al and vy’ only from alloys above 13.1 per cent Al. 
Thermal curves obtained by reheating y’ to 400° C. showed no discon- 
tinuities; the writers conclude that the transformation 8; — 7’ is irrevers- 
ible. An X-ray pattern from an alloy of 14:7 per cent Al quenched from 
the 6 range to room temperature contained only lines of 6; (body-cen- 
tered cubic plus superlattice lines). Thus the ordering process in this 
alloy cannot be suppressed by quenching, and the martensite transforma- 
tion temperature, as would be expected from an extrapolation of the 
curve of Fig. 2, is below room temperature. Microscopic work by 
Gridnew and Kurdjumow!? showed the metallographic structure of 6’ 
to be almost identical with y’; the only difference noted was that y’ 
‘‘needles”’ often contained apparent twin bands. 


* Gawranek and co-workers state that this ‘‘two-phase region”’ is probably due to 
variations in composition within the specimens. 
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Obinata and Hayashi! have recently restudied the transformations 
in the eutectoid alloy by means of X-ray, electric resistance, and micro- 
scopic methods. Specimens containing 12.66 per cent Al were heated 
and cooled in an evacuated high-temperature microscope stage and a 
cinematographic record obtained of the changes in microstructure due 
to the 61 = @’ transformation. They observed that, for this alloy, the 
acicular structure of 6’ begins to form at about 300° C. on cooling and 
disappears gradually at about 410° C. on heating. Similar microscopic 
work performed by Gridnew (ref. 2, p. 366) showed that a single 6’ 
martensite plate forms in less than one-tenth of a second. Isaitschew, 
Kaminsky, and Kurdjumow? recently announced that the crystal struc- 
tures of both B’ and y’ have been determined in their laboratory. They 
describe y’ as hexagonal close-packed with an ordered arrangement of 
atoms; 6’ differs from the y’ in that the [00.1] direction is at an angle of 
2° to the (00.1) plane normal, and the angle between the planes (10.0) 
and (01.0) differs about 1° from 120°. These writers also remark upon the 
fact that 6’ can be transformed into y’ by mechanical deformation; they 
state: ‘“‘After deformation, some lines on the Debye patterns of the p’ 
phase merge together, giving broad lines; the new line system becomes 
analogic to the line system of the y’ phase.” 

Smith and Lindlief* studied microscopically the decomposition of B 
at constant temperatures below the eutectoid; they discovered that 
subcritical transformation of the eutectoid alloy produced a microcon- 
stituent consisting of “‘rosette-shaped particles.’”’ The lattice struc- 
ture of this constituent, and its relation to the other five lattices in this 
region of the diagram, remains unknown. 


HEAT-TREATMENT AND MICROSTRUCTURES 


The alloys used in this study were prepared from copper* of extreme 
purity (redeposited series-refined cathodes), and high-purity aluminum* 
containing the following impurities: Si, 0.005 per cent; Fe, 0.003 and 
Cu, 0.004 per cent. The copper and aluminum were melted in Acheson 
graphite crucibles in a nitrogen atmosphere, stirred with a graphite 
rod, and allowed to solidify in the furnace to produce a large B grain size. 
In all ingots the 6 grain size was greater than 14 in.; often single 6 crystals 
were produced. Ingot size was 14 in. dia. by 114 in. long. Specimens 
cut from these ingots were first heated for about 18 hr. at 1000° C. to 
promote homogeneity. Some specimens used in the orientation work 
received a homogenizing treatment of only 1 hr. at 1000° C. Chemical 
analyses performed on the solution-annealed specimens were as follows: 
alloy No. 1, 9.29 weight per cent Al; No. 2, 12.45; No. 3, 13.22; No. 4, 
13.60; No. 5, 14.74; No. 6, 15.35. 


* The copper was kindly supplied by Mr. S. Skowronski, of the Raritan Copper 
Works; the aluminum, by Mr. G. F. Sager, of the Aluminum Company of America. 
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Specimens of two different sizes were used in these preliminary heat- 
treatment studies. Those used for detailed examinations of microstruc- 
ture were 14 in. dia. by 3¢ in. and those used for rotating-crystal X-ray 
patterns were about 149 by 14» by 14 in. in size. The latter will be 
referred to hereinafter as “slivers.” Polished surfaces of both B’ and 
y’ were found to be highly anisotropic in reflected plane-polarized light, 
and for these structures examinations in polarized light are superior to 
the ordinary metallographic methods, largely dependent upon etch- 
ing techniques. 

Microstructure of 6’.—Many photomicrographs of 6’ or “acicular 6” 
have been published.* The appearance of this structure in polarized 


Fie. 3. Fia. 4. 
Fic. 3.—8’ MARTENSITE IN AN ALLOY OF 138.2 PER CENT AL, COOLED FROM 1000° C. IN 
AN AIR STREAM. X 125. UN3ETCHED. ot 
Photographed with polarized light; analyzer 2° from crossed position. Rockwell 
B hardness, 84 to 88. : 
Fig. 4.—y’ MARTENSITE IN AN ALLOY OF 13.6 PER CENT AL, QUENCHED FROM 1000° C. 
IN 10 PER cenT NaOH. X 125. UNETCHED. 
Photographed with polarized light; analyzer 2° from crossed position. Rockwell 
B hardness, 100 to 102. 


light is shown in Fig. 3. Polarized light studies indicate that 6’ mar- 
tensite plates are arranged in parallel sets containing two (and only two) 
different orientations. Plates} of 6’ often contain small, usually irregu- 
lar, cross bands (Fig. 3). Generally, the plate size of 6’ is larger the 
lower the speed of cooling from the 6 range. 

Microstructure of y'.—In polarized light, y’ differs from #’ in that the 
y’ plates contain very fine parallel striations, which are suggestive of 


* See, for example, Fig. 5, ref. 8. 
+ The gross structural unit of both p’ and 7’ will be referred to always as a plate; 
it is understood that the normal microstructural appearance of a plate must be that 


of a band. 
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Fic. 5.—y’ MARTENSITE IN AN ALLOY OF 13.6 PER CENT AL, QUENCHED FROM LOUUY OC. 
IN 10 PER ceNtT NaOH. X 165. Unercuen. 

Photographed with polarized light; analyzer 2° to the right of crossed position. 
Fig. 6.—SaME as Fic. 5, EXCEPT THAT ANALYZER IS 2° TO LEFT OF CROSSED POSITION. 
Fic. 7.—14.7 per cent AL, QUENCHED FROM 1000° C. 1x 10 puR ceNT NaOH. X 300. 

Ercuep wira NH,OH + H,2O.. 

y’ plates.and patches of 6 in matrix of 6). . The color of 6, after etching is brownish 
red. 

Fig. 8.—9.3 PER CENT AL, QUENCHED FROM 1020° C. in 10 PER cent NaOH. X 100. 
Ercuep wirh NH,OH + H,.Os.. 

Massive a with traces of a reeds at grain boundary. Rockwell B hardness, 

47 to 50. 
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twinning (Figs. 4,5 and 6). These striations are most easily detected in 
large plates, but with care can also be seen in smaller plates. Inasmuch 
as the width of the striations decreases with the size of the plate containing 
them, and the efficiency of polarization decreases inversely with numerical 
aperture, it is not surprising that striations cannot be seen in the very 
smallest y’ plates. The y’ plates are often traversed by cross markings, 
which are considerably thicker and much more widely spaced than 
the striations. 

Hypoeutectoid Alloys.—The structure of a metallographic specimen 
containing 9.3 per cent Al quenched from 1620° C. in 10 per cent NaOH 

_is shown in Fig. 8; the crystal structure of this alloy is face-centered cubic. 
This type of microstructure (massive a) was first discovered by Phillips'® 
in quenched Muntz metal. Slivers cut from this specimen and quenched 
from 1020° C. in NaOH had a 6’ microstructure; however, the Debye pat- 
terns of these slivers differed from the pattern of 8’ in that all weak lines 
of the 6’ pattern (notably, the first four lines of lowest 6 values) were 
absent.* Evidently, the crystal structure of these slivers is the same as 
that of 6’ except that the atom arrangement is random instead of ordered; 
and therefore, the 8 phase of this composition does not undergo the 
ordering process during the quenching operation. 

Hypereutectoid Alloys.—Fig. 7 illustrates the microstructure of an 
alloy containing 14.7 per cent Al quenched from 10C0° C. in 10 per cent 
NaOH. An alloy of 15.4 per cent Al quenched from 1010° C. in 10 per 
ecnt NaOH consists entirely of 6. A discrepancy between the results of 
this study and that of Gawranek, Kaminsky and Kurdjumow® should 
be noted; namely, an alloy of 13.2 per cent Al after both airstream cooling 
and quenching from the 8 range was found to consist entirely of #6’. 

Isaitschew’s remarks (see p. 208) on the crystal structure of y’ were 
confirmed and extended. X-ray patterns obtained from quenched slivers 
containing 13.6 per cent Al had a line system in which all strong lines 
corresponded to a hexagonal close-packed lattice of ao = 2. 606A. and 
c/a = 1.619. The remaining lines (all relatively weak) were undoubtedly 
superlattice lines; no attempt was made to determine the type of ordering. 
Specimens of slightly higher aluminum content gave similar patterns 
except that many lines (but not the basal plane reflection) became 
doublets, and for a quenched specimen of 14.7 per cent Al, containing 
small amounts of y’, the splitting of (10.0) and (10.1) corresponded to 
about 1 per cent of their d values. This distortion of the hexagonal 
cell of y’ with increasing aluminum content is comparable in kind but 
not in degree to the well-known gradual change from cubic to tetragonal 
martensite in steel as the carbon content increases. 


* For a list of 6’ Debye lines, see ref. 5. 
+ Both slivers and metallographic specimens. Duplicate chemical analyses were 


performed on two homogenized specimens; results: 13.22 and 13.20 per cent Al. 
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Decomposition of B', y' and Bi on Tempering.—Specimens of 13.2, 
13.6 and 14.7 per cent Al were packed in graphite and homogenized in 
nitrogen atmosphere for 18 hr. at 1000° C., then quenched in water. 
Slivers were cut from these specimens and etched to about one-third of 
their original thickness. Slivers of 13.6 and 14.7 per cent Al were 
requenched from 1000° C. in 10 per cent NaOH. Slivers were then sealed 
in evacuated Vitreosil tubes, tempered, and the changes in structures after 
tempering were studied with rotation X-ray patterns. Results follow: 

1. 14.7 Per Cent Al.—Original structure all 61. X-ray patterns taken 
after seven days at 200° C. and after 14 days at 300° C. were the same; 
namely, structure was practically all 6 (sharp shots) with faint smeary 
lines at positions corresponding to the strong lines of y’. 

2. 13.6 Per Cent Al.—Original structure all y’. After 30 days at 
200° C., a small amount of 6 had formed; after 15 days at 300° C., the 
X-ray pattern showed 7’ and 6 (sharp spots) of about equal intensity. 
After 20 days at 350°C., y’ and 6 arestill present in about equal amounts, 
and the y’ spots are more sharply defined than those from as-quenched 
specimens. 

3. 13.2 Per Cent Al.—Original structure all 6’. Patterns after (1) 30 
days at 200° C., (2) 14 days at 300° C., and (8) 20 days at 350° C. all 
look alike; that is, the structure remains unchanged except for the appear- 
ance of two very faint new lines, which could be a lines. Also, some of the 
6B’ lines have begun to merge, while others remain sharply defined. The 
6’ lines that remain sharp are those that superimpose with lines on the y’ 
pattern, while for the pairs that begin to merge into single lines the 
pairs of #’ lines correspond to single y’ lines. Apparently, then, there 
is a tendency for #’ to transform into y’ on tempering. If the equilibrium 
state for all temperatures below the eutectoid is really a + 6, one should 
expect that 20 days at 350° C. would allow decomposition into substantial 
amounts of these two phases. This point warrants further study. In 
specimens that had been homogenized at 1000° C. for only 1 hr., both 
6’ and y’ began to decompose more rapidly than they did in specimens 
homogenized for 18 hr. at 1000° C. 

Deformation of B’, y', and B:.—Mechanical deformation of either 
6’ or f; results in transformation to y’; only slight deformations are 
required to initiate this transformation, and with moderate deformation 
the transformation is complete. Deformation of y’ does not change 
its structure except for a noticeable reduction in intensity and eventual 
disappearance of the superlattice lines. ’ may also be formed from f; 
by liquid-air cooling. This transformation is not reversible; that is, 
y’ is still present after the specimen is brought back to room temperature. 

Judging from these results, it appears probable that the cross markings 
observed in 6’ plates are strain-transformation markings! and that the 
cross bands in 7’ are mechanical twin bands. 
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ORIENTATION Hasits oF #’ AND y’ MARTENSITE PLATES 


y’ Orientation.—The orientation habits of y’ plates with relation to 
the 6; lattice were easily established. Specimens (14 in. dia. by 14 in.) 
of 14.7 per cent Al, after quenching in 10 per cent NaOH from 1000° GC. 
contain §i, y’, and 6 (Fig. 7). After this structure was produced, two 
surfaces were prepared on each specimen and the poles of y’ plates were 
located stereographically with respect to a surface and the common edge. !4 
The specimen was then deeply etched, and the orientation of the B, 
lattice was determined to within 14° or less by means of the back-reflec- 
tion Laue X-ray method; this orientation was then plotted on the 
stereographic projection containing the y’ poles. The over-all inaccuracy 


Fig. 9.—STEREOGRAPHIC PROJECTION OF 8’ AND y’ MARTENSITE POLES PLOTTED ON 
STANDARD {110} OF MATRIX LATTICE 
Only a portion of one of the stereographic triangles is shown. Oval = {110}6:; 
triangle = {111} @:. 


in the method is estimated at about 1°. Results obtained from four 
grains in three different specimens are summarized stereographically 
in Fig. 9. 

B' Orientation.—6’ and 6, cannot be obtained together in a specimen 
at room temperature; hence, a complete solution of the orientation habit 
of B’ requires that the orientation of the 6; matrix lattice be determined 
above the martensite transformation temperature. Because of the high 
corrosion resistance of these alloys, specimens may be heated in air during 
the X-ray exposures; atmospheric protection is unnecessary. 

For this work, a 75-watt electric resistance furnace capable of main- 
taining a small specimen at temperatures up to 600° or 700° C. during the 
X-ray exposure was constructed. The Nichrome winding was mounted 
in a cylindrical Transite frame, and surrounding the winding and insulated 
from the frame was a shell of aluminum bronze (top end closed), which 
served as heat conductor and specimen holder. One end of the specimen 
was inserted into a hole at the top of the aluminum bronze shell and was 
held firmly in contact with the shell by means of a set screw. The entire 
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unit was mounted on a back-reflection Laue X-ray camera in such a way 
that the specimen-to-film distance (3 cm.) and the specimen orientation 
could be accurately adjusted. A fine-wire thermocouple was inserted 
into a small hole drilled in the specimen and the temperature of the 
specimen was controlled with a Variac transformer connected in series 
with the Nichrome winding. 

The procedure used in evaluating the orientation habit of 6’ plates 
was as follows: A specimen of 13.2 per cent Al (cooled from 1000° C. in 
an air blast) was polished on three surfaces and the locations of several 
B’ plates were measured microscopically. The specimen was then 
deeply etched and placed in the high-temperature holder described 
above. The temperature was raised to 400° C., then lowered to about 
320° C., and was held here during the X-ray exposure (3 hr.). The result- 
ing Laue patterns were rather faint; nevertheless quite satisfactory for 
orientation work. Matrix orientation and martensite poles were plotted 
stereographically in the usual manner. Results obtained from the two 
specimens studied are summarized in Fig. 9. 

After the §’-6, lattice relationship had been evaluated (see next 
section), a determination of a 6, crystal orientation could be arrived at 
through the measured orientations of two 8’ plates contained in that 
crystal. This method was used on a specimen of 12.5 per cent Al, and the 
three poles thus located fell within the same stereographic region that is 
shown for #’ in Fig. 9. 


LaTtricE RELATIONSHIPS 


In the evaluation of lattice relationships between two phases in an 
alloy, a complete solution for any general case is possible only when the 
orientation of a single crystal of one phase can be determined and com- 
pared with the orientation of a single crystal of the other phase. - Unfor- 
tunately, the crystal sizes of phases that result from lattice transforma- 
tions are practically always too small for a complete solution to be 
possible, and one is forced to resort to some indirect method of study 
involving assumptions of one type or another, which necessarily detract 
from the value of the final result. Pole-figure methods, for example, 
yield an integrated result from many crystals, therefore an approxima- 
tion, and provide an inadequate reply to the question: Are the deviations 
from ideal lattice relationships, so often observed, merely incidental, 
or are they real? It appears that an answer to this question, especially 
with reference to one or two martensite transformations, is greatly to be 
desired, and must be obtained before postulations of specific transforma- 
tion mechanism can be regarded as anything but pure speculation. 

Fortunately, the plate size of both 6’ and y’ copper-aluminum is 
sufficiently large* in high-purity alloys to render feasible a complete 


* The thicknesses of the largest plates of 6’ and y’ were about 0.1 mm.; only in 
two or three observed cases did this thickness reach a value of 0.2 mm. 
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solution of lattice relationships. After somé time had been spent in 
developing a technique, it was possible to grind and polish a specimen 
of 6’ or y’ martensite on a surface parallel to an individual plate, and 
thus to expose (after etching) a single martensite crystal for an area of 
lto2mm. The spots on back-reflection Laue X-ray patterns so obtained 
from these crystals, especially those from y’, were surprisingly sharp and 
free from distortion. In so far as one may judge from these Laue pat- 
terns, the perfection of the y’ martensite lattice equals that of the B, 
lattice from which it is formed. 

The y'-B1 Lattice Relationships.—Preliminary work performed on 
specimens containing 13.6 per cent Al quenched from 1000° C. into 10 per 
cent NaOH yielded the following results: 

1. Every back-reflection Laue pattern from a plate of y’ showed the 
presence of not one but two hexagonal close-packed lattices. These two 
orientations are always related in exactly (+1<° or less) the same way: 
The relationship is that of twinning on (10.1) and always on the same 
(10.1) plane. These two twinned orientations contained in a “‘single”’ 
y’ plate will be referred to as A; and As, respectively. The relative 
spot intensities A,:A2 varied from about 2:1 to 1:1. 

2. Previous microscopic studies had shown (see p. 209) that y’ plates 
were arranged in parallel sets containing two obviously different orienta- 
tions (corresponding to the light and dark broad bands of Fig. 4). X-ray 
work confirmed this observation, for in addition to the A; and A, orienta- 
tions contained in one plate, a second set of twinned orientations, B; and 
Be, was found in the plate adjacent and parallel to the first one. Thus, 
with reference to the y’ microstructure shown in Fig. 4, A; and A, are two 
orientations contained, for example, in the plates represented by the 
light broad bands, and B; and By in plates represented by the dark 
broad bands. 

3. After several sets of A and B orientations in specimens of 13.6 per 
cent Al had been determined and plotted stereographically, it was 
possible to deduce the relationships between these y’ orientations and the 
orientation of the matrix lattice. However, in order to complete the 
solution, similar studies were made on two specimens of the 14.7 per 
cent Al alloy, which contained (after quenching from 1000° C. in NaOH) 
large y’ plates in a matrix of retained 6;. A surface was ground and 
polished along a set of parallel martensite plates, exposing areas of 
y’ and B, on the same surface. After determining the orientation of 
A, and A, in one martensite plate, the specimen was translated parallel to 
the film (on the X-ray camera) and in turn the B orientations of y’ and 
the orientation of the 6; crystal were determined.- The results from both 
specimens studied were in perfect agreement; likewise in agreement with 
the solution suggested by the work on the 13.6 per cent Al alloy. The 
over-all inaccuracy of the above operation is estimated at 14° to 14°. 
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The y’-8, lattice relationships are summarized stereographically in 
Fig. 10. In this figure are plotted the important poles of the body- 
centered cubic B; lattice with the plane of projection as the surface of 
polish (parallel to a set of martensite plates). Likewise plotted are the 
basal plane poles of the four y’ orientations contained in plates parallel 
to the polished surface, as well as the poles of the two active (10.1) 
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Fie. 10,—ORIENTATION RELATIONSHIPS BETWEEN LATTICES OF 7’ AND MATRIX {. 
_ Projection shows basal planes and active twinning planes of the four y’ orienta- 
tions contained in one set of parallel martensite plates. Plane of projection is plane 
of set of martensite plates. Great circles represent close-packed directions common 
MSs lattices. Ovals, squares and triangles are poles of body-centered cubic i 
attice. 


twinning planes. The great circle passing through (00.1) of A; and 
(00.1) of Az represents the close-packed direction [01.0], which is com- 
mon to both A; and Ag, and which is parallel to the close-packed direction 
[111]s, in the body-centered cubic lattice. An equivalent common 
direction is shown for B; and Bz orientations. Crystallographically, the 
y'-B, lattice relationships may be defined as follows: 


(00.1) Z (110), 

[01.0]y / [1p ha, (or Bi) 
(00.1) : (O11)s, = 4° 

[01.0],,Z [1TLp, ba (or Be) 
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A, and A: are twins, with twinning plane (10.1); that is, orientation 
Az may be produced from A, by a rotation of 180° about the normal 
to.(10.1). 

It appears quite safe to conclude that the fine cross striations in y' 
plates revealed by microscopic studies with polarized light (Figs. 5 and 6) 
are actually twin striations, and that this twinning is probably a part 
of the transformation mechanism. For if it were argued that A, repre- 
sents the basic product of the transformation, twinning could produce 
six new orientations, whereas experimentally we find only one of the six 
possibilities and, furthermore, always the same one. Also, the twinning 
law for y’ differs from the only one heretofore established for hexagonal 
close-packed metals and alloys,!8 which twin on (10.2). 


The 6'-B, Lattice Relationship 


A complete solution of the crystal structure of 6’ is not yet available. 
Considerable information has been obtained from back-reflection Laue 
patterns and oscillating crystal patterns, but the picture is yet far from 
complete. The main obstacle to a straightforward solution is the fact 
that the orientation of 6’ lattice with respect to the 8’ plate is always the 
same; hence only a limited region of the lattice projection can be properly 
covered. The Laue symmetry is pseudoholohedral trigonal, but so far 
it has not been possible to establish with certainty just how the true 
symmetry departs from holohedral trigonal. The available data on 
crystal structure pertinent to the present problem of lattice relationships 
are as follows: The lattice is layerlike, with a framework resembling that 
of y’, and the three important directions in the basal plane are at angles 
of 60° (+%°) to one another; the angle between [00.1] of the pseudo- 
hexagonal framework and the basal plane is 89° (+14°). 

Back-reflection Laue X-ray studies were carried out on specimens of 
12.6 and 13.2 per cent Al, which had been cooled from 1000° C. in an air 
stream. In agreement with the results of microscopic work, the X-ray 
studies showed that 6’ plates are arranged in parallel sets containing 
two different orientations and each plate is a single crystal; i.e., 6’ plates 
are not twinned. These two orientations will be referred to as A and 
B, respectively. After several pairs of A and B orientations had been 
determined in specimens of 12.5 per cent Al, and the relationship of A 
to B had been examined stereographically, the lattice relationship could 
be predicted with considerable assurance. However, in order to 
complete the solution, a specimen (13.2 per cent Al) sized to fit the high- 
temperature specimen holder (see p. 213) was prepared. With the speci- 
men mounted in this holder, the A and B orientations of the exposed 
6’ plates were first determined at room temperature; then the specimen 
temperature was raised and the orientation of 8: was determined at about 
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340° C. The results so obtained agreed with the relationship that had 
previously been predicted, and are shown stereographically in Fig. 11. 
The method of plotting is the same as that used for the y'-B, relationship. 
In this figure, the great circle passing through the pole of the basal plane 
of A represents the close-packed direction in the basal plane that is 
parallel to the close-packed direction [111]s, of the body-centered cubic 
lattice. An equivalent direction common to the B orientation of y’ and 


Basac PLANE 


c> 
"2__ Basa PLANE 
of B 


Fic. 11.—ORIENTATION RELATIONSHIPS BETWEEN LATTICES OF 6’ AND MATRIX {6}. 

Projection shows basal planes of the two £’ orientations contained in one set of 
parallel martensite plates. Plane of projection is plane of set of martensite plates. 
Great circles represent close-packed directions common to both lattices. 


the lattice of B; is also shown. The basal planes of y’ and {110} of Bi 
are not parallel but are separated by an angle of 4°. 


Discussion oF RESULTS 


An obvious gap in the foregoing series of data on this martensite 
transformation is the lack of a complete solution to the crystal structure 
of 8B’. One wishes that it were possible to plot the atom positions of 
B’ and 8; and to compare these in terms of their known orientation rela- 
tionships, for such a comparison, when made, may indeed be the starting 
point to an understanding of orientation habits and thus of metallographic 
structures in general. For the time being, no attempt will be made to 
correlate habits with orientation or to hypothesize on the martensite 
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mechanism; discussion will be limited mainly to emphasizing certain 
facts among the data already presented. 

The 6’ orientation habit, except for scatter, is the same as that of 
6’ in the copper-tin system;! namely, about 2° from {133},,. The Debye 
patterns of these two 8’ phases are similar but by no means identical. 
The stereographic region defined by y’ poles is about 3° removed from 
{122},,. y’ has no known counterpart in other alloy systems, although 
the martensite in steel might very well be considered as an equivalent 
phase of different crystal structure, for the behaviors of these two are 
in many ways similar. 

For both y’ and ’, lattice relationships were found to be considerably 
more accurate and consistent than orientation habits. A single crystal 
of 6; may produce a maximum of 36 y’ orientations, of which 12 will be 
A, orientations and 24 will be A, orientations. It is an interesting fact 
that the 24 A» orientations of y’ are exactly the same (in so far as location 
of basal plane and directions within that plane are concerned) as the 
24 orientations of 6’ that may be obtained from a single crystal of 61; 
for both lattices, a close-packed direction is parallel to [111]s, and the 
basal plane is at an angle of 4° to (110),,. These two cases differ, how- 
ever, in the angles made by the basal plane and the martensite plate. 
The angles between the plane of a martensite plate and the basal plane 
of the lattice contained in the plate are (approximately) as follows: 


Monrtner AT cOnlentatlonl Oliyck see se sn oe ee nse on dled fae 78° 
For the A, orientation of y’.... SG, Lace WM PT es eee OY ae, Ten 27° 
Mari herb wOrlenbablonOlryie. | seek tte. nots aie cattery ek aes 82° 
Hots hew at OTLEMbAclO NTO lay 1yaer km aeu.ue are ae es STs eae a OS 
ape beeAuorienta GlOmiOl Ouem. s5 0 een owe aux ce agnidalt 6G cee Suse 74° 
HOmiMeeBlOnentatioml Olive e sa: acs Gon mes .- exceen tee se fgets eco 76° 


Of extreme interest is the question of interrelation among the two 
martensite lattices and the equilibrium phases a and 6. Since #’ trans- 
forms to y’ on being deformed and at least tends to transform to y’ on 
tempering, it might be considered transitional to y’; also, y’ is the more 
easily decomposed of the two. This behavior of 6’ and the behavior of 
8, on tempering suggests that there must be a hexagonal close-packed 
equilibrium phase (equivalent to the CusSn in the copper-tin diagram) 
stable only at temperatures near room temperature. It would, of course, 
be next to impossible to prove this point, if the homogeneity range of the 
phase does not extend greatly above room temperature. 

In possible conflict with the above assumption stands the puzzling 
but nonetheless rather definite intimacy between y’ and 6, which is 
demonstrated by the behavior of y’ on tempering. It is truly remarkable 
that a y’ specimen containing 36 possible orientations twinned on such 
a fine scale should transform, on tempering, into a single orientation of 6. 
This fact can be explained in only two ways. Either the transformation 
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to dis nucleated* by small traces of retained f; (or 6’) that are undetected 
by X-ray or microscopic methods, or else the transformation y' > bisa 
crystallographic reversal of the transformation B, — y’. 

The latter view would fit in nicely with the origin of the y’ twin 
striations suggested by crystallographic reasoning (see p. 217); that is, 
these twin striations would be considered as resulting from the trans- 
formation mechanism B; — y’ and as vanishing with the reversal trans- 
formation mechanism y’ > 6. However, it is not possible at this time to 
reject with certainty either of the hypotheses outlined above. 

In so far as origin is concerned, the twinning of y’ may be regarded 
as analogous to the transformation twinning of a iron.'? This fine-scale 
twinning greatly decreases the effective grain size and (as adjacent 
basal planes are at angles of 56° to one another), undoubtedly con- 
tributes materially to the high hardness of y’ martensite. 


SUMMARY 


An X-ray and microscopic study of the martensite transformation 
in 8 copper-aluminum alloys of compositions between 9.3 and 15.35 per 
cent Al has been made. The following orientation relationships have 
been accurately evaluated for both 8’ and y’ martensite: 

1. The orientation of the martensite plate in relation to the matrix 8 
lattice (Fig. 9). 

2. The orientation relationships between the martensite lattice and 
the matrix 6 lattice (Figs. 10 and 11). 

3. The orientation of the martensite lattice in relation to the plane 
of the martensite plate (Figs. 10 and 11). 

In addition, the following new observations regarding transformations 
in 6 copper-aluminum alloys were made: 

1. An alloy of 9.3 per cent Al rapidly quenched from the 6 range 
undergoes ‘‘mass transformation” to a. 

2. If this alloy is quenched even more rapidly, the resulting structure 
is similar to 6’ except that the atom arrangement is disordered instead of 
ordered. 

3. As the aluminum content is increased (from 13.6 to 14.7 per cent 
Al) the hexagonal close-packed lattice of y’ becomes slightly distorted. 
This distortion is likened to the change from cubic to tetragonal marten- 
site in steel as the carbon content increases. 


* It is well known that for the reaction: body-centered cubic — 7-brass structure, 
the cubic axes of the two lattices are parallel (see refs. 7 and 10). 

The complete reversibility of single crystal 8 back to the identical single-crystal 
orientation (for any kind of cooling and heating cycle) was observed in all alloys 
except those of compositions of 10 per cent Al or less. In the latter, tempering (after 
quenching) results in transformation from disordered 8’ to a, and the subsequent 
transformation of w to 8 at higher temperatures produces a set of 8 grains (visible, 
of course, after quenching) different from the original set. 
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4. The striations in y’ martensite are shown by X-ray studies to be 
due to polysynthetic twinning on (10.1). 


REFERENCES 


—_ 


. A. B. Greninger and V. G. Mooradian: Strain Transformation in Metastable 
Beta Copper-zine and Beta Copper-tin Alloys. Trans, A.I.M.E. (1938) 128, 
337-355. 
. I. Isaitschew, E. Kaminsky and G. Kurdjumow: Discussion of ref. 1, same volume, 
361-367. 
. A. B. Greninger and A. R. Troiano: Orientation Habit of Martensite. Nature 
(1938) 141, 38. 
4. G. Phragmén: Austenitsénderfallet och martensitomvandlingarna ur termody- 
namisk synpunkt. Sartryck ur Teknisk tidskrift (1938) 23, 1-12. 
5. A. J. Bradley and P. Jones; An X-ray Investigation of the Copper-Aluminium 
Alloys. Jnl. Inst. Metals (1933) 51, 131-157. 
6. J. Obinata and G. Wassermann: Réntgenographische Untersuchung der Léslich- 
keit von Aluminium in Kupfer. Naturwiss. (1933) 21, 382-385. 
7. G. Wassermann: Uber die Umwandlungsvorgiinge in -Aluminiumbronze. 
Metallwirtschaft (1934) 8, 1383-139. 
8. C. 8. Smith and W. E. Lindlief: A Micrographic Study of the Decomposition of 
the Beta Phase in the Copper-Aluminum System. Trans. A.I.M.E. (1933) 
104, 69-105. 
9. V. Gawranek, E. Kaminsky and G. Kurdjumow: Temperatur der Bildung der 
metastabilen y’-phase von Cu-Al-Legierungen und ihre Abhangigkeit von der 
Al-Konzentration. Metallwirtschaft (1936) 15, 370-371. 
10. G. Kurdjumow and T. Stelletzky: Uber eine Zwischenphase in den Ubereutek- 
toidischen Cu-Al-Legierungen. Metallwirtschaft (1934) 13, 304. 
11. E, Kaminsky, G. Kurdjumow and W. Neumarx: Uber die Umwandlungen der 
B-phase der Cu-Al-Legierungen, Metallwirtschaft (1934) 13, 373. 

12. V. Gridnew and G. Kurdjumow: Kleingefiige der metastabilen y’-phase von 
Cu-Al-Legierungen. Metallwirtschaft (1936) 15, 437, 

13. I. Obinata and M. Hayashi: On the Nature of the Eutectoid-Transformation of 
Aluminium Bronze (Part V) Change in Structure due to the Transformation. 
Jnl. Iron and Steel Inst. of Japan (1937) 23, 1092-1099. (In Japanese, with 
English synopsis.) 

14. C.S. Barrett: The Stereographic Projection. Trans. A.I.M.E. (1937) 124, 29-58. 

15. A. B. Greninger: A Back-reflection Laue Method for Determining Crystal Orienta- 
tion. Trans. A.I.M.E. (1935) 117, 61-74; Zitsch. Kristallog. (1935) 91-A, 
424-432, 

16. A. J. Phillips: The Alpha-beta Transformation in Brass. Trans. A.I.M.E, (1930) 
89, 196-200. 

17. A. B. Greninger: Transformation Twinning of Alpha Iron. Trans. A.I.M.E, 
(1936) 120, 293-303. 

18. E. Schmid and W. Boas: Kristallplastizitat. Berlin, 1935. Julius Springer. 

19. G. Kurdjumow and T. Stelletzky: Umwandlungen in den Cu-Al Eutectoid- 
Legierungen, I. Die Zwischenzustéinde in den Ubereutectoidischen Legierun- 
gen. Tech. Phys. U. S. S. R. (1935) 2, 1-14. 

20. V. Gridnew and G. Kurdjumow: Transformations in Eutectoid Cu-Al Alloys, ITT. 

Reversible Transformation of the 6-Solid Solution in the Metastable State. 

Tech. Phys. U. S. S. R. (1938) 4, 1-16. 


iw) 


oo 


222 MARTENSITE TRANSFORMATION IN BETA COPPER-ALUMINUM 


DISCUSSION 


(R. M. Brick presiding) 


G. Kurpsumow, * Dnepropetrowsk, U.S. 8. R. (written discussion ).—The author 
indicates that the y’ hexagonal lattice becomes distorted when there is an increased 
content of aluminum. This distortion, it seems to me, may be explained by taking into 
consideration the arrangement of copper and aluminum atoms in the 7’ lattice. The 
determination of the y’ superlattice has shown that identical atoms are arranged not in 
the form of a hexagonal but of a rhombic lattice belonging to the space group Desh". 
The arrangement of atoms Al and Cu in the 7’ lattice was first calculated by us and 
then checked experimentally.”' Our calculation was based on the following considera- 
tions: Transformation 8, —> y’ belongs to the martensite type of transformations. 
Lattice 8; is known and has an ordered arrangement of atoms. If our ideas on marten- 
site transformations are correct, and if they really represent transformations during 
which an ordered rearrangement of the lattice takes place without any interchange of 
places among the atoms, lattice y’ must also have an ordered pothage aie 

In a previous investigation we determined the orientation of the y’ lattice axes in 
relation to the axes of the lattice. The author’s data are in perfect agreement with 
our results. 

On the basis of this determination a scheme for the diffusionless transition B; — y’ 
has been proposed analogous to the Burgers’s scheme*? for the transition of the body- 
centered cubic lattice into the hexagonal close-packed lattice. 

From the knowledge of the coordinates of atoms Al and Cu in the §; lattice, and 
taking into account the proposed mechanism for the transition under consideration, 
it was possible to calculate the atom coordinates on a hexagonal lattice.t The arrange- 
ment of identical atoms (e.g., Al) found in this way proved to be without any hexagonal 
axis and having only three twofold perpendicular axes coinciding with directions [11.0], 
[11.0] and [00.1] of the hexagonal lattice. Lattice y’ can be described with the fol- 
lowing coordinates: 


i oma 0.4 0)(40 ¥ 
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The lattice constants of | an alloy with a 13.5 per cent content of aluminum 
area = 4.51 As b =5.20A.,c = 4.224. A calculation of the structural factor shows 
that the lattice must give a great number of weak superlattice lines. The checking has 
been done with the aid of a B-phase single crystal (14 per cent Al), which on quenching 
was transformed into y’. The calculation interference spots for 18 lattice planes giving 
superlattice spots were discovered at the required Bragg’s angles of reflection and at the 
required angles between the normals to lattice planes and the axis of rotation of the 
erystal. The coincidence between the calculated and experimental results confirms 
our views concerning the mechanism of martensite transformations. 
Notwithstanding the fact that identical atoms possess a rhombic symmetry, all 
lattice seats (occupied by copper and aluminum atoms) belong to the hexagonal, close- 


* Physical Technical Institute. 

*1G, Kurdjumow and V. Miretzky: Jnl. Tech. Phys. (1938) No. 22. -In 
Russian. 

2 W. G. Burgers: Physica (1934) 1, 561. 

+ Compare with calculation of atom coordinates in the «’ lattice of copper- 
zine alloys.?* 

8K, Kaminsky and G. Kurdjumow: Metallwirtshaft (1936) 15,.905. 
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packed lattice. It is natural to expect that with a change in the aluminum content the 
arrangement of all the lattice seats will take a rhombic symmetry according to the sym- 
metry of identical atoms. 

I should like to ask the author if the interference picture in the case of aluminum 
content discovered by him could not be described in the terms of the rhombic lattice. * 

The author’s data concerning the nonreversibility of the transformation agree with 
our previous results.?4 However, the possibility of a big hysteresis discovered during 
the 6: S 6’ transformation” obliged us to reconsider the question and start supple- 
mentary experiments. The latter showed that the transformation 8; —> y’ is reversible 
but is accompanied by a big hysteresis. In an alloy with a 13.3 per cent content of 
aluminum the transformation 8, — 7’ in our alloys takes place at temperatures of 
about 200°. On heating, the reverse transformation y’ — 8 takes place in a tempera- 
ture region near 350°. Transformation y’ — 6; could be discovered in this alloy only 
when the heating was conducted rapidly, before the diffusion decomposition of the 
y’ phase*® took place. 

Besides, the alloy witha 14.5 per cent content of aluminum, which on quenching has 
a B; lattice, was photographed at room temperature, at liquid-air temperature, and 
again at room temperature. This alloy showed? a complete reversibility of 6: > y’ 
transformation. On the basis of available data, it is possible to consider that marten- 
site transformations that pass in a pure state without processes of diffusion must in 
general be reversible.* 

The reasons why our data concerning the concentrations of aluminum at which the 
y’ lattice appears are not in accord with the author’s data on this subject are not quite 
clear to me; possibly, these divergencies are caused by a different contamination. I 
should like to mention here that the delicate experiments on the structure of separate 
B’ and y’ laminae, so excellently conducted by the author, open new ways for the further 
study of martensite transformations. 


I. IsarrscHEwyf and I. Satur,+ Dnepropetrowsk, U.S. 8S. R. (written discussion ).— 
The author indicates that ‘7’ may also be formed from £8, by liquid-air cooling. This 
transformation is not reversible; that is, y’ is still present after the specimen is brought 
back to room temperature.” 

In a preceding discussion, we wrote of our having observed a similar phenomenon in 
copper-tin alloys with a 25 per cent content of tin. When a sample quenched from the 
8 region in water is immersed into liquid air, the 6 phase is transformed into a new 
phase of the martensite type, which remains unchanged at room temperature. 

A more detailed study of this phenomenon has shown that the martensite phase 
begins to appear at temperatures considerably higher than the temperature of liquid 
air (approximately minus 40° C.), but very little of it forms at these temperatures. 
As the temperature drops, the martensite phase increases. 

At the temperature of liquid air, part of the 6 phase still remains untransformed. 
On heating to +100° C. a sample in which transformation into the martensite phase at 
low temperature has already taken place, the amount of martensite phase remains 
practically unchanged. Heating to +200° C. causes a noticeable decrease of the 


* In this case indices (120) to (200) should be attributed to the split line (100), and 
indices (201) and (121) to the double line (101). 

24 G. Kurdjumow and T. Stelletzkaja: Tech. Phys. U. 8. 8. R. (1935) 2, 1. 

25 V. Gridnew and G. Kurdjumow: Tech. Phys. U. 8. 8. R. (1938) 4, 1. 

2° G. Kurdjumow and V. Miretaky: Jnl. Tech. Phys. (1938) 8,1777. In Russian. 

27 Following discussion by I. Isaitschew and I. Salli. 
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martensite phase; on heating at a rapid rate to 350° C. and then quickly cooling, a pure 
8 phase was obtained. The presence of phases was verified by X-ray patterns. 

From these facts, it may be seen that in copper-tin alloys the temperature hysteresis 
is very great; it exceeds 400° C., and room temperature lies in this interval. Not- 
withstanding such a great temperature hysteresis, the transformation process seems 
to be reversible. 

The 6: > y’ transformation in copper-aluminum alloys belongs to the type of 
martensite transformations; consequently, if the converse transition y’ — 6; does take 
place, it must proceed at higher temperatures than the transition 8; > 7’. It is diffi- 
cult to say how large is the magnitude of the temperature hysteresis in the alloys inves- 
tigated by the author, but apparently room temperature lies inside it. Accordingly 
it may be supposed that if the author had heated the 7’ phase to higher temperatures, 
transition yy’ — 8, would have occurred. This assumption is the more probable 
because the reversibility of the 8: — y’ transformation was already observed by Kurd- 
jumow and Miretzky.*® 

It is advisable to make the heating fairly rapid, as there is always danger of the y’ 
phase beginning to decompose before it passes into £:, owing to diffusion processes. 

The reversibility of martensite transformations in eutectoid alloys is apparently a 
general property of all transformations of this type. We may ask how complete is 
the reversibility in such transformations? It is natural to expect that the higher the 
temperature of the converse transition, the greater are the possibilities of diffusion 
processes occurring and, consequently, of stable phases precipitating. The formation 
of stable phases can affect the further course of transformations in two ways: (1) the 
formation temperature of the martensite phase may drop considerably, and become 
lower than the temperature used in experimenting; (2) the precipitated stable phases 
may take such a disposition in the solid solution as to hinder the sudden reconstruction 
of the lattice. 

During the first stage of precipitation, it is difficult to notice the new phases by 
means of the X-ray method, but at the same time the transformation process (solid 
solution <> martensite phase), will be delayed. 

For instance, X-ray patterns of a rotating 6-phase single crystal with a 25 per cent 
content of tin obtained prior to the martensite transformation and subsequently 
(rapid heating to 350°) were identical; but subsequent immersions into liquid air did 
not cause any appearance of the martensite phase; but the transformation takes place 
if we quench the sample once more from the 6-phase region. It is possible that the 
worse reversibility after a number of cycles may take place also when the transforma- 
tions occur at about room temperature, owing to lattice distortions. 

It is also possible that with the increase of the number of distortions in the lattice— 
i.e., of the number of transformation cycles—the temperature hysteresis will also 
increase. It is to be regretted that there are no experimental data on this point and 
that therefore it can be discussed only theoretically. 


M. G. Corson,* New York, N. Y. (written diseussion).—A metallurgical paper 
must either be limited to a strictly technical field or else form a distinct and precise 
contribution to the science of metals, such as will enrich other metallurgists’ back- 
ground. ‘To do this it must present at least a clear-cut picture of the subject studied, 
although to be of real value it should contain a theory of the process involved and a 
correlation of the subject with other physical characteristics. The present paper 
fails to measure up to these objective requirements. 

Metallurgists working with copper-base alloys containing the beta phase (straight 
betas are not used) know that the increase in the amount of beta causes a loss of 


* Consulting Metallurgist. 
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ductility and a great increase in hardness. Except for beta brasses, in which the 
beta does not undergo a drastic change, the high hardness and brittleness of the former 
“beta” at low temperatures cannot be much altered by varying the heat history of 
the alloy. Anneal it, quench it, temper it as you wish, but a copper-aluminum alloy 
with over 11.5 per cent Al will remain nearly as hard and as brittle (unless it contains 
a great deal of iron). In addition the electrical conductivity also remains practically 
unchanged, indicating that the cold alloy must represent a body of rather constant 
ratios between its various constituents. 

In addition, the true beta is extremely soft and plastic, and the loss of plasticity 
plus hardening on cooling from the beta range ought to be caused by a thorough struc- 
tural change. 

But the present author and those whom’ he mentions believe that we have in all 
cases (up to 13.2 per cent + to be sure) merely different varieties of beta. One is 
distinguished by the ‘‘orderliness’’ of its structure as seen by the X-rays, plus certain 
“superlattice lines.’’ The other 6’ appears “‘acicular” under the microscope. How- 
ever, the author does not present his X-ray spectrograms and calculations that might 
show where the analogies and the differences between the three varieties of beta 
really lie. 

The reference to the “acicular”’ structure means merely an adherence to the ideas 
of old times when every self-respecting metallurgist simply had to establish the exist- 
ence of a new type of a ‘‘phase,”’ to wit: troostite, sorbite, osmondite, ledeburite, which 
are not phases at all but mere mixtures in varying (and continuously varying) degrees 
of dispersion. The ‘‘acicular’’ phases were taken on in a particularly eager manner 
because the structures looked similar to bundles of needles or cross sections of packages 
of plates. However, the similarity is very remote. It does not hold true even for 
the martensite in steel, and much less so in quenched beta copper alloys. To an 
unprejudiced eye the ‘‘acicular” structure means ‘‘needles or plates” profusely dis- 
tributed through some other matrix. 

On page 212 the author discusses the structures obtained by quenching and by 
further tempering in three hypereutectoidal compositions, and obtains: (1) Al, 13.2 per 
cent; original structure (as quenched? The point is not clear.), 6’. (2) Al, 14.7 per 
cent; original structure 6:1. (3) Al, 13.6 per cent; a composition intermediate in its 
aluminum content and much closer to the first alloy. One would expect to find a 
mixture of 6’ with 6, the first predominating. Instead the author gets ‘‘all y’.”’ 

One might expect the 14.7 per cent alloy, which has to pass on its way to low tem- 
peratures through a binary field (beta plus gamma), to retain some gamma and to 
change it to another variety of gamma. (The differences between y and y’ are not 
mentioned.) But how this might occur in the 13.6 per cent alloy without occurring 
in the 14.7 per cent alloy, notwithstanding the fact that the 13.6 per cent vertical 
nowhere comes ¢lose to a gamma region, I cannot understand. 

Does the author really intend to say that he obtained a definite improvement by 
using “polarized” light in his micrographic studies? Are we to believe that polarized 
light can tell anything about the structure of a flat, defectless metallic surface? The 
author shows some beautiful pictures, but the reason is that he used ‘‘oblique”’* 
light and his Figs. 5 and 6, taken at a symmetrical obliquity, show what could be 
expected: dark becomes bright and bright becomes dark. The conical stop illumina- 
tion proposed by H. George some 15 years ago would do exactly the same. To cor- 
roborate my last objection I wish to reproduce here a picture (Fig. 12) of the structure 
of a 12.5 per cent aluminum bronze as it appears in Fig. 87, plate XI, of the little 
book by H. Behrens, “Das mikroskopische Gefuege der Metalle und Legierungen,” 


* 2 per cent off the crossed position. 
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published in 1894, At that time metallography was in its infancy. The microscopes 
were crude, illumination poor and aluminum bronze a mere curiosity. There was no 
microphotography. The picture shown was sketched by hand and reproduced as a 
wood cut. The sample was not specially heat-treated. Nevertheless the analogy 
with Dr. Greninger’s Fig. 3 is most striking. No polarized light was used. 


Fic. 12.—SrructTukE OF ALUMINUM BRONZE AS SKETCHED BY H. BEHRENS. 


I believe strongly in the usefulness of polarized light when studying special details 
(mainly nonmetallic inclusions), but its limitations must be clearly understood. 

“Ten thousand times the critical cooling velocity” (page 204, line 4 from the bot- 
tom). To this statement I object because it is so misleading. The critical velocity 
is by no means low itself and not so easy to measure for that very reason. How 
would one measure cooling velocities ten thousand times greater? 

I wish to present now my own conceptions of the changes that occur in beta copper 
alloys on cooling below the transitional lines and the eutectoidal isotherm, leaving 
highly hypereutectoidal alloys out of consideration for the time being. The eutec- 
toidal transformation cannot be prevented. In every case a mixture of alpha plus 
delta plus a certain amount of undecomposed beta* results and the ratios of the three 
phases are nearly identical whether the alloy is annealed, quenched or tempered. 
That is why the final hardnesses and conductivities do not vary much. The size, shape 
and habit of aggregation of the products of the eutectoidal dissociation may differ 
vastly. In the extreme case the mixture of the daughter phases may form an ultra- 
microscopic pseudomorphose in the shape of the mother phase (8). In less extreme 
cases it may look “acicular,” troostitic, pearlitic or show clearly divorced phases. 
In some of them X-rays will reveal new lattices; in others we shall get neither precise 
nor constant lattices of the B’ type. Whether an X-ray specialist may be able to 
refute the proffered theory as “utterly impossible” and to prove the refutation math- 
ematically, I do not know. I know, however, that this theory explains the hardness, 
brittleness and sameness of conductivity in the low-temperature products of the beta 


* My statement regarding the nearly constant ratios of alpha : delta : residual beta 
contradicts the phase theory. A situation of this kind is not theoretically possible 
in a heterogeneous system, although it would hold its ground firmly for a homogeneous 
system (reaction constant). I suggest here that alloy systems in certain states of 
subdivision may be considered as occupying an intermediate status—neither definitely 
heterogeneous nor fully homogeneous, and that at the short distances between the 
elementary particles of the phases present (particularly in quenched alloys) a variant 
of the reaction-constant law may come into play. 
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phase, while the mere and vague statement of the existence of the 6’ and f; does not 
do so. 


A. B. GRENINGER (written discussion).—Messrs. Kurdjumow, Isaitschew and Salli 
have supplied some valuable and extremely welcome information on the reversibility 
of Bi — vy’ CuAl and of 6 +8,’ CuSn. Certainly, this complete crystallographic 
reversibility, which may well be common to all martensite transformations when 
diffusion processes can be suppressed, constitutes one of the most appealing problems 
for study in this field. Apparently, the only martensite transformation for which 
reversibility has not been established is the martensite transformation in iron-carbon 
alloys. Here, a demonstration of reversibility may be extremely difficult if not 
impossible, because of the high velocity at which iron-carbon martensite decomposes; 
this decomposition proceeds at a measurable rate even at room temperature, and at 
temperatures near 400° C. decomposition is complete in a small fraction of a second. 
It will be recalled that several years ago, Wassermann?* demonstrated the reversibility 
of the martensite transformation in alloys of iron and nickel; and we have recently 
substantiated Wassermann’s conclusions while studying the martensite transformation 
in an alloy of iron + 32.5 per cent nickel. In this alloy, the reversible transformation 
is also accompanied by a large hysteresis, amounting to about 400° C. or more. 

With the new information on the reversibility of 8: — y’ CuAl supplied by Professor 
Kurdjumow, it is now possible to explain the “‘peculiar’’ behavior of y’ on tempering— 
commented upon on page 219. Inasmuch as reversibility does occur at 350° C., it is 
possible that the crystallographic behavior of y’ on tempering at any lower tempera- 
ture can be linked with the reverse transformation y’ — 6; in that this transformation 
probably precedes the decomposition into the equilibrium 6 phase. 

It is quite possible that the distortion of the y’ lattice with increasing aluminum 
content may be due to a gradual change to a lattice of rhombic symmetry. However, 
quantitative work on this structure would be very difficult because the splitting of the 
lines is very small and the patterns we have obtained so far show the Debye lines to 
be not at all sharp. It is possible to state that for at least a limited range of 6 the 
frequency and disposition of lines is not in disagreement with the postulated rhombic 
lattice, but for substantiation we should need additional systematic study of 
this structure. 

Kurdjumow and Miretzky are to be complimented on their success in deducing 
the correct unit cell and atom positions of y’ by applying theories of lattice transitions; 
and their results must be regarded as confirmation of the view that martensite trans- 
formations do not involve diffusion. It is not so certain, however, that the mechanism 
of lattice transformation proposed by Burgers can be regarded as substantiated. 

The space available for my reply makes it impossible for me to go into sufficient 
detail to promise the possibility of a better agreement with Mr. Corson. 


ge G. Wassermann: Ueber den Mechanismus der Umwandlung des Eisens. Mitt. 
K. W. Inst. Eisenforschung (1935) 17, 149-155. 


Effect of Silver on the Gold-copper Superlattice, AuCu 


By Raueu Huiraren,* Memper, AND Lester TARNOPOL,}t JUNIOR MemBeEr A.J.M.E. 
(Detroit Meeting, October, 1938) 


A CONSIDERABLE interest in the subject of superlattices has been mani- 
fested by many papers and reviews that have recently appeared, both in 
physical and metallurgical publications. This interest is due largely to 
the apparent simplicity of the ordering process, which permits the explana- 
tion of many phenomena on the basis of elementary theory. Moreover, 
ordering may cause important changes in the physical properties of alloys. 

In this paper, we shall discuss the causes of superlattices in terms of 
simple properties of the elements that give rise to them, together with a 
series of experiments performed to test our conclusions. Evidence is 
presented that in some cases the process of ordering is more complex 
than might be supposed. 

While the different species of atoms are usually found in random posi- 
tions in alloy lattices, in some cases unlike atoms tend to be nearest 
neighbors. Bethe’s! ‘order of neighbors” is a statistical measure of this 
tendency. At suitable compositions it is possible for atoms in large 
regions to be regularly arranged, which causes superlattice lines to appear 
in X-ray diffraction patterns. Bragg and Williams? have dealt with this 
‘long-distance order” in their fundamental work on superlattices. 
Excellent discussions of superlattices are to be found in current reviews.?4 


THERMODYNAMIC CONSIDERATIONS 


Thermal vibration tends to destroy order. The magnitude of the 
effect can be determined from the entropy of mixing, which is calculated 
from first principles. Since the ordered state has the lower entropy, it 
must also have a lower internal energy to be stable at any temperature. 
The difference in internal energy determines the critical temperature at 
which long-distance order disappears. According to the theory of Bragg 
and Williams,’ 


Much of the material presented in this paper was abstracted from a thesis sub- 
mitted by Lester Tarnopol in partial fulfillment of the requirements for the degree 
of Doctor of Science, Harvard University, 1938. Manuscript received at the office 
of the Institute July 6; revised Sept. 21, 1938. Issued as T.P. 1010 in Murats 
TEcHNOLOGY, January, 1939. 

* Assistant Professor of Metallurgy, Graduate School of Engineering, Harvard 
University, Cambridge, Mass. 

} Assistant Professor of Metallurgy, University of Kentucky, Lexington, Ky. 

1 References are at the end of the paper. 
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It may be assumed that differences in internal energy are largely due to 
interactions between nearest neighbors, since the crystal structure is 
otherwise practically the same. In considering the energy of interaction 
between the nearest neighbors in alloys of metals A and B, it will be found 
that only the quantity V is important.® 


Vis = 6 (Eaa ae Ey) a Hes 


where E,, represents the internal ener jy due to interaction between a 
pair of A atoms which are nearest neighbors, etc., and V.s represents the 
energy given off when a pair of nearest neighbors AB is formed. Positive 
V (attraction) favors miscibility, compound formation, and ordering. 
Negative V leads to immiscibility. Thermal agitation (the entropy 
term) works against both tendencies to form disordered solid solutions. 

The value of V is influenced by the atomic size factor and by the 
chemical affinity of the atoms concerned. 

When atoms of differing sizes are packed together in a close-packed 
arrangement, the lattice is distorted and local strains are set up. Large 
atoms are squeezed and small ones pulled apart. Both effects decrease V 
because the maximum attraction occurs only at the equilibrium distance. 
Superlattice structures are such that the strains are evenly distributed 
through the lattice and minimized.’ Hence, difference in atomic size 
favors superlattice formation. 

Attraction between atoms A and B makes V positive, which tends to 
increase the number of AB pairs, thereby favoring superlattice formation. 
Direct measurements are lacking, but attraction should lead to negative 
deviations from Vegard’s law;* and tend toward the formation of stable 
compounds. In chemistry the most stable compounds occur between 
elements that differ greatly in electrochemical potential. _Hume-Rothery® 
observes the same tendency in alloy systems. Pauling® finds in gaseous 
molecules that V increases with difference in electronegativity of the 
atoms concerned. 

The conclusion may be stated that ordered states should be found only 
where atoms differ considerably in size; or chemical nature; or both, unless 
factors such as ferromagnetism play a part. 

This conclusion is confirmed by experiment. Ordering is always 
found in alloys of gold, silver, or copper with the strongly electropositive 
alkali or alkaline earth metals, according to Dehlinger.'° The list of 
17 superlattices given by Barrett‘ shows that all except FeNi; and FeCo 
fulfill the above conditions. In these two, ferromagnetism perhaps plays 
a large part. However, the existence of the FeCo lattice is questioned by 
Hansen,!! while Bradley and Taylor” could find no X-ray evidence for 
FeNi; using technique that succeeded with CuZn. It should be noted 
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here that AuNi, which is found in the list, has crept into the literature 
through a typographical error. The abstract of work by Westgren and 
Ekman® gives AuNi among alloys ‘‘not containing gold, silver, or copper.” 
Obviously AINi is meant. 


Errect oF SILVER ON THE GOLD-COPPER SUPERLATTICE 


If the preceding argument is valid, it should be possible to predict 
various facts about the occurrence and stability of superlattices. In par- 
ticular, it may be shown that silver substituted for a small part of the gold 
should lower the transformation temperature of the AuCu superlattice. 

As can be seen in Fig. 1, the gold and copper atoms occupy alternate 
(001) layers in the face-centered AuCu superlattice. The ¢ axis is slightly 
shorter than the other two, making the 
symmetry tetragonal. Each gold atom is 
surrounded by eight copper and four gold 
atoms, instead of six of each on the 
average, as would happen in a random 
distribution. Thus, in ordering, one-third 
of the Au-Au pairs are broken up to form 
Au-Cu pairs. It can be shown that for an 
alloy of N atoms, there are 14N Au-Au pairs and !<N Cu-Cu pairs 
broken to form N Au-Cu pairs. Hence, we have Q = atomic size 
factor + NV,.,c, for the energy of formation of the superlattice. 

If a small percentage of silver, x, is substituted for a corresponding 
amount of gold, it will be found that N(14 — 2x + 2?) Au-Au pairs, 


O Cu atoms 


@Au atoms 


O 
Fic. 1.—UNI’r CELL OF TETRAGO- 
NAL GOLD-COPPER. 


ey , 
N(2x — 42x?) Au-Ag pairs, oy Cu-Cu pairs, and 227N Ag-Ag pairs are 


broken to form N — 2aN Au-Cu pairs and 2xN Ag-Cu pairs, so that, 
neglecting z?, Q’ = atomic size factor + N(1 — 2%)Vaycoy + 2tNVaicu 
= 2UNV puree 

Since the radius of silver is the same as that of gold within 0.2 per cent, 
the atomic size factors should be practically the same. Hence, 


Q my Q’ acd 2aN { anes - W s66 5 Viscass 


Gold and copper are completely miscible while silver and copper are 
nearly immiscible in the solid state. Since the size factors are the same in 
the’ two binary systems, this indicates that Vaio. — Vagca iS positive. 
Furthermore, V4.4, 18 no doubt positive, since gold and silver are com- 
pletely miscible and have a negative deviation from Vegard’slaw. Hence, 
the energy of superlattice formation is decreased linearly by the substitu- 
tion of silver for gold. This should decrease the critical temperature 
linearly, since Q = !16RT.. 

We have carried out an extensive series of experiments, which verify 
this prediction.* In the course of the experiments, we have determined 
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several facts about the AuCu superlattice, which are perhaps not less 
important than the data we were seeking. 


EXPERIMENTAL WORK 


The gold used for the preparation of alloys was purchased from the 
American Platinum Works and was stated to be 99.975 per cent pure. 
The silver was Mallinckrodt precipitated silver (analytical reagent) with 
the following maximum limits of impurities given on the label: chloride, 
0.005 per cent; copper, 0.001; iron, 0.002; other heavy metals, 0.002; sul- 
phate (SO3), 0.05. The copper was high-purity electrolytic copper 
kindly supplied by the Raritan Copper Works. 

The lattice constants of these metals, which give some indication of the 
purity, were found to be in good agreement with those given by Wyckoff® 
and by Jette and Foote'® for metals of the highest purity obtainable, 
as follows: 


COR Be i fos eas 0s 4.0704 A.; Jette and Foote give 4.0704 A. 
ILLVelamreenes orn co cee so 4.0783 A; Jette and Foote give 4.0779 A. 
Copper eer ee oe OO (OFA Wiyckolt gives 3.6077 A. 


The silver was melted and coarse-filed to avoid mechanical loss of the 
fine powder; the gold and copper were also coarse-filed. All filings were 
treated. with a magnet to remove possible contamination from the file. 
The three metals were weighed out in desired proportions into a Vitreosil 
tube of 34,-in. diameter, which was then evacuated and sealed off. The 
Vitreosil tube was lowered into a platinum-wound resistance furnace 
maintained at about 1200° C., and allowed to remain about five minutes. 
The tube was removed, broken open, and the ingot weighed. If the loss in 
weight was appreciable (more than 0.3 per cent), the ingot was rejected; 
otherwise, it was accepted without analysis. By this means, alloys were 
prepared containing 0, 1, 2, 3, 4 and 5 atomic per cent Ag substituted for 
a corresponding amount of gold in the 50 atomic per cent Au-Cu alloy. 
The 0 per cent Ag alloy had an excessive loss in weight (0.36 per cent), but 
analysis showed it to contain 50.0 per cent Au, so it was accepted. 

The ingots, which weighed from 1 to 3 grams, were cold-worked and 
then annealed in a vacuum at 850° C. for 10 to 17 days in order to make 
them homogeneous. Filings from various parts of these samples gave 
sharp X-ray diffraction lines, proving them to be homogeneous. 

After homogenizing, the ingots were reduced to filings by means of a 
fine file and portions of the filings were annealed. The annealing was 
carried out by sealing the samples in evacuated Pyrex glass tubes and 
lowering these tubes into a vertical tube furnace. The period of anneal- 
ing extended from 2 hr. to 4 months, depending on the temperature of 
anneal, which varies from 250° to 600° C. Temperatures were held 
constant by Brown Instrument Co. controllers activated by chromel- 
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alumel or platinum-platinum rhodium thermocouples. Temperatures 
were frequently checked with a thermocouple that had been stand- 
ardized against the melting point of pure zinc and of pure aluminum. 

In order to secure uniform temperatures and a low-temperature 
gradient within the furnace, the following arrangement, described by 
Coffinberry and Hultgren,!?7 was used. Through a vertical 1}4-in. 
Vitreosil tube furnace, 12 in. long, were placed four Nichrome tubes 
54 -in. inside diameter and 2 ft. long. The middle 4 in. of these tubes was 
surrounded by a solid cylinder of copper in which holes were made 
to accommodate the tubes. The control thermocouple was inserted 
in a hole in the block, but actual temperatures inside the Nichrome tubes 
were checked frequently by the standardized thermocouple. The copper 
block was nickel-plated for protection against oxidation. The tempera- 
ture gradient was less than a degree for the middle inch, and 2° for the 
middle 3 inches. 

For very accurate temperature control, which was desirable in some 
experiments, a precision temperature controller was constructed, after a 
design by Benedict.!8 The action of the controller is based on the change 
of resistance of a platinum resistance thermometer wound around the 
center portion of the copper core described above. This platinum wire is 
one arm of a resistance bridge, which is balanced at the proper tempera- 
ture by a decade resistance box having 0.01-ohm steps. Any fluctuation 
in temperature unbalances the bridge and produces a very small current, 
which is fed through an amplifying circuit to the grid of an FG-57 
Thyratron. The current flowing through the Thyratron is in series with 
the furnace winding and so regulates the temperature of the furnace. 
The precision of this control is said to be about 0.03° C. No variation in 
temperature of the furnace during a run could be detected on a Leeds and 
Northrup student potentiometer. 

Upon completion of the anneal, the glass tubes containing the samples 
were expelled by ramming a steel rod through the Nichrome tube and 
were broken on an anvil under water. A very rapid quench was thereby 
obtained. After quenching, the samples were washed in alcohol, dried, 
and screened through a 100-mesh screen, which removed most of the 
broken glass. X-ray diffraction photographs were then made in a 
symmetrical back-reflection focusing camera. The line positions were 
measured and lattice parameters calculated by Cohen’s analytical 
method.’® It is estimated that results are correct to better than one part 
in ten thousand. 


RESULTS AND CoNCLUSIONS 


The X-ray photographs of the thoroughly annealed samples were 
examined to identify the phases present and the lattice constants of these 
phases were determined as accurately as possible. The results are given 
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in Table 1. The phases found at various temperatures and compositions 
are plotted in Fig. 2. Results are most conveniently discussed under 
separate headings. 


TaBLE 1.—Parameters of Alloys in One-phase Regions 
50 Aromic Per Cent Copper; BaLaNce Gotp aNnp SILVER 


. Temperature 

Aes of Annes , Ree ao, A. Co/ao saan og Structure 
0 600 2 3.8669 57.82 E.C.C; 
0 400 13 3.9484 0.9360 57.61 Ortho. 
0 390 24 3.9515 0.9338 57.61 Ortho. 
0 373 15 3.9510 0.9319 57.48 Tetr. 
0 350 20 3.9512 0.9313 57.45 Tetr. 
1 600 Ky 3.8676 57.85 F.C.C. 
1 400 12 3.8669 57.82 B.C.C: 
1 373 15 3.9518 0.9330 57.58 Ortho. 
1 350 25 3.9504 0.9333 57.54 Tetr. 
2 600 K 3.8669 57.82 I OA OE 
2 400 13 3.8667 57.81 F.C.C. 
2 373 15 3.9459 0.9372 57.58 Ortho. 
2 350 25 3.9551 0.9298 57.53 Ortho. 
3 600 4% 3.8683 57.88 RCC 
3 400 13 3.8682 57.88 IM(CAC,, 
3 390 24 3.9450 0.9384 57.62 Ortho. 
3 373 15 3.9507 0.9344 57.62 Ortho. 
3 350 20 3.9562 0.9304 57.61 Ortho. 
4 600 % 3.8674 57.84 IGKE ACE 
4 400 21 3.8674 57.84 LBC AC), 
4 375 37 3.8668 57.82 1D CACE 
4 350 45 3.9420 0.9350 57.282 Tetr. 
5 600 1 3.8674 57.84 HG. ©: 
5 400 21 3.8675 57.85 ECC: 
5 360 23 3.8669 57.82 PACH CE 
5 350 45 3.9371 0.9360 57.12¢ Tetr. 


2 Atomic volume low because of precipitation of gold-silver-rich phase. 
F.C.C., face-centered-cubic disordered phase. 
Ortho., orthorhombic ordered phase. 
Tetr., tetragonal ordered phase. 


Effect of Silver on Temperature of Ordering 


As shown in Fig. 2, the substitution of silver for gold greatly lowers the 
temperature of ordering. Taking 420° C. as the best value of the critical 
temperature for the 0 per cent Ag alloy, 5 atomic per cent Ag lowers 
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the temperature by about 65°. With the exception of the 3 per cent alloy, 
the results are consistent. The first additions of silver have a greater 
effect than the later ones. 


The Orthorhombic Phase 


A very small, but sharp, splitting of certain of the tetragonal lines in 
O Disordered face-centered cubje the back-reflection X-ray pictures 
© Ordered orthorhornbic was observed in samples annealed 
mi hale ck ie just below the critical temper- 

5 cg oO ature. Such a splitting indicates 


400 =O) re 
S | a oe ie that the 6 axis is no longer exactly 
the same length as the aaxis. In 
380 +—--} ok 
S) addition, a number of new, weak 
a 0) 9) ER ee ya 
8 lines appeared. 
gy 900 © @——© Johansson and Linde?® report- 
2 r ©——® @——-® ed similar patterns in the AuCu 
E 340 — superlattice two years ago. 
E | They found the structure to be 
ie 370 LL ~| | orthorhombic, with the unit cell 
4 shown in Fig. 3. It is readily seen 
= that the orthorhombic cell can be 
300 @ e@ : be ; 


0 2 thought of as consisting of 10 tet- 
Silver, atomic per cent ragonal cells side by side, with gold 

Fao, 2. Paagns pnpennr As ZUNoTios OF and copper atoms reversing posi 
tion after five cells. These units, 

however, are no longer exactly tetragonal; the b/a ratio differs slightly 
from one. We have assumed that our structure is the one reported by 
Johansson and Linde. They state that at 50 atomic per cent Au-Cu the 
orthorhombic phase can be obtained only by quenching from tempera- 
tures near 420° C. We find, however, that it exists over a wide tempera- 


0Au atoms eCu atoms 
Fia. 3.—UnIT CELL OF ORTHORHOMBIC GOLD-COPPER. 


ture range, nearly 50°. It seems not to be a metastable transition phase, 
since it can be obtained for the reaction proceeding in either direction; 
that is, from face-centered-cubic samples or from tetragonal samples, 
annealed at the same temperature. Furthermore, it persists after very 
long periods of anneal. 

For simplicity, the centers of the split of the tetragonal lines were 
measured and the size of the pseudotetragonal cell, which is one-tenth of 
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the true cell, was calculated. According to Johansson and Linde, b/a for 
this cell is about 1.003. We have found it to vary in different samples. 
The larger values of b/a are found for samples annealed at lower tempera- 
tures, as shown in Table 2. 


TABLE 2.—Orthorhombic Splitting at Various Temperatures for 50 Atomic 
Per Cent Gold-copper Samples 


Temperature of Anneal, 


ons ie b/a after Six Months at 


Days Annealed Room Temperature 


400 13 1.0018 1.0031 
390 24 1.0017 1.0026 
375 37 1.0025 1.0027 


A most remarkable fact about the orthorhombic phase is its behavior 
at room temperature, where the tetragonal phase is presumably stable. 
After six months at room temperature, the small splitting of the tetrag- 
onal lines, which indicates that the structure is orthorhombic, becomes 
much greater; in some cases it practically doubles (Table 2). The change 
is thus not toward becoming tetragonal, which would be expected, but in 
the opposite direction. Samples in which the b/a ratio was originally 
large (annealed at temperatures near the lower limit of the orthorhombic 
phase) showed little increase in the splitting of the lines. There is no 
doubt as to the reality of the phenomenon; the lines are very sharp, and 
we have checked it in half a dozen cases. <A tetragonal phase undergoes 
no perceptible change under the same conditions. 


The Mechanism of Ordering 


Bragg and Williams? picture ordering as a ‘“‘continuous change of 
atomic arrangement within a single-phase system.” ‘The existence of an 
intermediate orthorhombic phase that does not pass gradually into the 
tetragonal phase stable at lower temperatures as the annealing tempera- 
ture is decreased speaks against such a continuous change. Furthermore, 
there is some evidence of a two-phase region between order and disorder. 
Nix and Shockley* consider such regions theoretically inevitable but 
perhaps not realizable experimentally. 

Various experimenters, beginning with Gorsky,?' have reported X-ray 
pictures showing two phases present, simultaneously, one ordered and one 
disordered. All the samples were annealed for a comparatively short time 
of a few hours or a day. Since the reaction is known to be sluggish 
near the critical temperature, it is possible the two phases were not 
in equilibrium. 

We have found two phases persisting even after 31 days of anneal with 
temperatures held constant within 0.5° C. The disordered phase had a 
definitely larger atomic volume in the two-phase region than it had when 
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quenched from a higher temperature, but the effect was small (0.2 per 
cent). This might be due to a change of composition such as would occur 
inatwo-phase region. Wedonot consider the results conclusive, however. - 


Lattice Parameters 


Table 1 shows that the lattice parameter of the cubic phase decreases 
slightly just above the critical temperature. This is to be attributed to 
local order. Axial ratios of the superlattice decrease with the temperature 
of anneal, indicating that order is growing more perfect. Also, as order 
increases, the atomic volume decreases. The tetragonal cell has a 
smaller atomic volume than the orthorhombic. 


Time for Equilibrium 


The time necessary to attain equilibrium seems to be longer than many 
experimenters have realized. After 20 days at 350° C., the X-ray lines 
were still broad;25 more days made them sharp. Since the time to attain 
equilibrium is an exponential function of the temperature, complete 
equilibrium can hardly be attained at temperatures much lower than this. 
Sixty-four days at 300° C. gave broad X-ray lines as expected. One 
hundred and twenty-seven days at 250° C. gave lines that could readily 
be measured, but they were not sharp. The experimenters who car- 
ried out relatively short anneals at low temperatures could not have 
attained equilibrium. 


SUMMARY 


The argument is presented that the chief cause of superlattice forma- 
tion is attraction between unlike atoms and differences in atomic size. 
Each of these causes has previously been recognized, but their simulta- 
neous action has not been considered. Superlattices of which the exist- 
ence has been established are composed of atoms differing considerably in 
size or electrochemical potential. Ferromagnetism may be an addi- 
tional factor. 

Thermodynamic reasoning indicates that silver substituted for gold in 
AuCu should lower the critical temperature of ordering. Experiments 
verify this prediction. 

The orthorhombic, pseudotetragonal phase discovered by Johansson 
and Linde is found to be stable over a wider range of temperature than 
they had supposed. At lower temperatures, the well-known tetragonal 
cellis found. The pseudotetragonal cell of the orthorhombic phase has a 
b/a ratio very slightly greater than one. As the temperature of anneal 
decreases, toward the region of stability of the tetragonal phase, the 


* Further experimental work on the FePd superlattice indicates that the ordering 
process is sufficiently sluggish to account for the simultaneous existence of two phases. 
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b/a ratio increases. Apparently, the transformation from orthorhombic 
to tetragonal does not take place gradually. At room temperature, the 
b/a ratio surprisingly increases with time. 

The existence of the orthorhombic phase shows that the mechanism of 
ordering is not as simple as has been supposed. Some evidence is pre- 
sented that there may be a two-phase region between order and disorder. 

There is a small decrease in atomic volume just above the transforma- 
tion temperature, attributed to order of neighbors in the absence of long- 
distance order. 

At low temperatures the time necessary to attain equilibrium is longer 
than has been generally supposed. 
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DISCUSSION 


(EH. EH. Schumacher presiding) 


E. E. Scuumacusr,* New York, N. Y. (written discussion).—After reading this 
interesting paper, it might be well perhaps to remind ourselves that the subject of 
superlattice formation is not of merely theoretical and academic interest. With this 
point in view, a few words concerning an event that occurred recently in a large 
manufacturing plant abroad during the fabrication of some wire might not be amiss. 
The composition of the alloy is, unfortunately, unknown to me. The annealing 


* Bell Telephone Laboratories. 
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practice normally used, and which had given satisfactory results for several years, 
consisted of heating the coils of heavy-gauge wire for several hours in a furnace and 
then pulling them out onto the floor to cool. On a recent occasion some delay at the 
end of the week prevented the floor-cooling of one lot of wire after the customary short 
anneal and the coils were left to cool with the furnace over the week end. The follow- 
ing Monday morning the wire coils were pulled from the furnace and dropped, as 
usual, a few feet to the floor. They broke into fragments. It was later definitely 
established that the brittleness of the wire resulted from superlattice formation. 

Many of us have noticed anomalies in the behavior of certain alloys following heat- 
treatment. In some, superlattice formation, no doubt, has been involved in these 
anomalous behaviors. At any rate, very slow cooling, conducive to superlattice 
formation, results in brittleness in some instances. It is probably good practice, with 
alloys in which superlattice formation is known to be possible, not to prolong annealing 
times beyond the point where the desired softness is attained. 


Tarnish Films on Copper 


By J. B. Dyrss* anp H. A. Minry* 
(Detroit Meeting, October, 1938) 


TaRnIsH films on some of the common metals (particularly on copper 
and silver) have been of much scientific and commercial concern for a 
long time, but before the development of the electrical method! of 
measuring film thicknesses there was no satisfactory quantitative 
approach by which to study the separate parts of these complex films. 
This method has been adapted to the measurement of duplex (cuprous- 
cupric) oxide films on copper.? In the present work it has been used to 
measure tarnish films on copper when they were mixtures of cuprous oxide 
and cuprous sulphide, and also when they contained cuprous oxide, 
cupric oxide and cuprous sulphide, each component part being measured 
at a different potential value. Oxide-coated copper specimens, prepared 
by heating copper in air at chosen temperatures for given periods, were 
exposed to moist hydrogen sulphide in air to form the various oxide- 
sulphide films studied. The comparative resistances afforded by (1) 
different thicknesses of oxide films, and also (2) equal thicknesses of 
oxide and sulphide films, against severe attacks of hydrogen sulphide 
were measured. 

The electrical method requires that the time be observed for the 
cathodic reduction of each part of the film substance, and these respective 
time values multiplied by the constant current give the corresponding 
quantities of electricity expended. Then each millicoulomb per square 
centimeter represents a film thickness of 

M X 108 
2D X 96,494 X 103 (a) 


where M is weight of oxide (or sulphide) giving one gram-atom of oxygen 
(or sulphur) for cathodic reduction, D is density of the oxide (or sulphide) 
and ¢ is the thickness in Angstrom units per millicoulomb per square 
centimeter. The value of ¢ for cuprous sulphide (cubical) is 14.27, and is 
obtained by substituting 5.78 for D and 159.20 for M in equation a. 
Previous values? of ¢ for cuprous and cupric oxides (12.36 and 6.39, 
respectively) were used in the present work. 


a 


Manuscript received at the office of the Institute July 11, 19388. Issued as T.P. 
1008 in Merats TrcHNnovoey, January, 1939. 
* Physics Laboratory, Oklahoma Agricultural and Mechanical College, Still- 
water, Okla. 
1 References are at the end of the paper. 
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PROCEDURE 


Sheets of copper No. 1, a good grade of commercial copper obtained 
from the Central Scientific Co., and copper No. 2, containing oxygen 
0.04, sulphur, 0.003, and other impurities 0.007 per cent, which had been 
rolled to a thickness of 0.5 mm., were abraded with flint paper No. 0, cut 
into strips measuring 1.75 by 5.5 cm., washed in benzene, and rubbed dry 
with chemically pure cotton wool. Specimens not used immediately 
were kept in a desiccator over calcium chloride. The general agreement 
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Fig. 1.—PorENTIAL-TIME CURVES. 
Curve I is for a cuprous oxide-sulphide film on copper; curve II, for a triplex 
(cuprous oxide, cupric oxide and cuprous sulphide) film on copper. 


between the values given by the two copper materials was good. The 
results discussed in this paper are for copper No. 1. 

Equal areas of about 2.0 to 2.5 sq. em. were selected at opposite ends 
of each specimen, and the rest of the specimen was covered with paint 
containing titanium dioxide dispersed in its weight of clear lacquer. A 
thickness measurement from one area of each specimen was recorded as a 
standard of comparison, and the thickness value of the other end was 
measured after exposure to hydrogen sulphide gas. The difference 
between the two thickness values provided a measure of the sulphide 
formed in the film. 

In order to produce the sulphide components of the films, an open 
cardboard box containing the specimens was mounted on a porcelain 
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rack in a large desiccator, over water saturated with hydrogen sulphide 
gas. The concentration of the hydrogen sulphide was varied, when 
desired, by changing the amount of the saturated solution added to a 
given volume of water. Sufficient time was allowed to elapse after the 
desiccator was charged with the solution to allow equilibrium to be 
established before the specimens were introduced. All experiments of 
this nature were carried out at room temperature. The oxidation 
experiments, in an electric furnace at temperatures ranging from 220° to 
270° C., were similar to those already described.? 

The thickness values were obtained by subjecting the measured area 
to cathodic reduction in 0.1 M ammonium chloride solution at a constant 
current of 1.0 to 0.5 ma. per sq. cm., obtained by applying 220 volts 
through a resistance of 100,000 to 200,000 ohms. Potential-time curves 
have been obtained by noting the movement of the potential drop needed 
to force such a current through the cell: film-covered copper/ammonium 
chloride/copper. Typical potential-time curves* are given in Fig. 1. 
The inflection points X, Y and Z are considered to represent the instants 
when the respective cathodic reductions are completed, and these 
intervals are used in calculating the corresponding component thicknesses. + 


RESULTS 


Thickness and Color—Table 1 shows that the thicknesses of tinted 
films produced on copper by treatment with hydrogen sulphide gas at 
ordinary temperatures agree well with thickness values given® for oxide 
films of similar colors. 

In the preparation of the sulphide films on copper, it was impossible, 
under the conditions of the experiment, to eliminate all of the cuprous 
oxide formed during and subsequent to the abrasion process. Specimens 
exposed to air for one day after abrasion gave an average thickness value 
of 80 A. of cuprous oxide, which is in good agreement with the value given 
previously’ for this film. Usually about 10 to 20 A. of this initial oxide 
was replaced by sulphide during the hydrogen sulphide treatment. The 
numbers in column 2 include a mean value of about 65 A. of the ini- 
tial oxide. 

A comparison of the total thickness values given in column 5, Table 2 
with the values for corresponding tints given in column 3, Table 1, shows 
that uniformly tinted films .of equal thicknesses produce similar colors 
whether they consist of one, two, or three component parts. 


* Potential-time curves for cuprous oxide films and cuprous-cupric oxide films 
have been given previously.? 

+ The word ‘‘thickness” refers to the depth that the film substance would have 
if it were spread uniformly over the area measured on the general plane. 
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As stated elsewhere,? this phenomenon indicates that the film consists 
of an intimate mixture of the film substances, and that the light is 
reflected mainly from the outer and inner surfaces of the film. 


Tas_p 1.—Thickness of Sulphide and Oxide Films on Copper 


Thickness of Film, A. 
Tinted to 
Sulphide Oxide 

First order: 

Dark: browne 22600 horn Masse acs eee 340 370 

Red brown... ..... een NIE ese eee: 390 410 

Purple v4 sere ieee ys Seen eee ox 440 460 

Violeteae nears ie erence Srna irs es bad 4: 470 485 

DENG cies tp ou vals eran AE i ke Pe 0 a eee 510 520 

Silvery: greenness a eo See a ee 815 800 
Second order: 

FViOLlOV Reeth ace ie coe on ee 5 AS ne 970 940 

OTA 96 oo hati rot Se esr an ee 1,100 1,170 

ROU Mea rr deers | Sty S Ld acauktas SERN 1,230 1,240 

Purplevioletane haa es ee ee eee 1,450 

NBA Lb (ates akg ic ae ee EDMOND, Base. oe nl 1,540 


¢ Values given in the second column are mean values obtained from a large number 
of experiments recorded during the period of this research.. Values given in succeeding 
tables of this paper are single values, representative of the respective types of experi- 
ments described. 


TaBLeE 2.—Thickness of Duplex and Triplex Films on Coppe 


7 - 
Thickness of Film, A. 


Tinted to 2 3 4 5 
CuO CuO Cus Total 
First order: 
Ta gO LO yatilemedence sys). apeuniteek. fat etic 94 185 200 
PUT plese ti: «> ot aa unt ere ¢ 230 225 = 455 
STK VIO let. nlite ee ee 218 295 513 


Second order: 
Greenish yellow.............. eae 618 36 316 970 
Feaahe ee Sone yay 5. ica eee 955 45 232 1,232 


Formation and Composition—Numerous properties of sulphide films 
on copper have been studied by Evans,* Vernon, and Constable.6 A 
number of the observations of these researches have been confirmed in the 
present work. The rate of growth of the sulphide film under the con- 
ditions of the present experiments increased with the concentration of the 
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hydrogen sulphide gas. The presence of moisture* in the atmosphere or 
on the specimen enhanced the rate of formation of the sulphide. 

No evidence was obtained of the formation of any sulphide other than 
cuprous sulphide, and it is considered that the cubical form of this 
sulphide is the one formed.7 

Vernon observed that specimens exposed to a tarnishing atmosphere 
often produced later colors at the edges and earlier ones toward the 
centers. Evans showed, by experiments in closed vessels, that such 
edge effects occurred only when the concentration of hydrogen sulphide 
was very small, and attributed it to the greater replenishment of the 

attacking gas at the edges.* In agreement with Evans’ explanation, the 
authors have found that the edging effect can be greatly reduced by sur- 
rounding a specimen with strips of copper placed in physical contact 
with it. 

When oxide-coated specimens were exposed to moist hydrogen sul- 
phide gas, some of the oxygen, from both cuprous and cupric oxides, was 
replaced by sulphur. Specimens containing oxide films of thicknesses 
given in column 1 of Table 3 were exposed simultaneously for 3 min. to 
moist hydrogen sulphide gas. Column 2 represents the amount of the 
oxides remaining in the film after this treatment, column 3 that of the 
sulphide formed and column 4 that of the oxides replaced. The total 
amount of the sulphide formed and of the oxides replaced was increased 
in other experiments by increasing the time of exposure to the hydrogen 
sulphide attack. 


TasBLe 3.—Replacement of Oxide by Sulphide in Copper Oxide Films 


1 2 3 4 
Initial Oxide, A. Residual Oxide, A. Replaced Oxide, A. 
Sulphide 
Formed, A. 

Cuz0 CuO Cu20 CuO Cu.0 CuO 

116 102 206 14 

193 164 159 29 

528 383 378 145 
1,598 100 1,463 76 253 135 24 
1,902 183 1,665 114 339 237 69 


Conditions were chosen so that pairs of specimens exposed simul- 
taneously to hydrogen sulphide yielded thickness measurements in such 
good agreement as to allow them to be considered identical. One of 
each pair was measured as a standard of comparison, and the second 
tere of each pair was heated in an electric furnace for a given period. 


* Evans found‘ that when the concentration of hydrogen sulphide - was very small 
(much smaller than that used in the present experiments) the rate of growth was 
retarded by increases in the moisture. 
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Then the thickness measurement of the second specimen was compared 
with that of the first to ascertain whether any sulphide had been replaced 
by oxide. Table 4 gives the results of four such experiments. 


TaBLE 4.—Comparison of Sulphide Amounts in Films before and after 
Heat-treatment 


1 2 3 
Before Heating, A. After Heating, A. Changes, A. 
Specimen No. 

Cu20 Cur8 Cu20 Cu2S Cu20 Cu28 
1 89 146 298 154 209 + 8 
2 94 85 173 103 79 +18 
3 100 91 163 86 63 — 9 
4 111 63 160 85 49 +22 


There was no apparent loss in sulphide, even after relatively long 
heat-treatments. Small negative values, such as that shown in the 
sulphide part of column 3, are attributed to failure to obtain identical 
films of sulphide in such pairs of specimens. An average of a large num- 
ber of the apparent changes indicated that a small increase of approxi- 
mately 10 A. occurred in the sulphide amount. Thisincrease is attributed 
to small amounts of absorbed hydrogen sulphide, which had not reacted 
before the heat-treatment. 

Protective Quality.—The protective quality of oxide films of various 
thicknesses was studied by exposing these films to hydrogen sulphide 
simultaneously and determining the amount of cuprous sulphide formed. 
The amount of sulphide reacting with the copper, and the amount of 
sulphur replacing oxygen in the oxide layer of the film varied with the 
protective quality of the film and with the reaction time. 

Curve II of Fig. 2 shows clearly the protection afforded by oxide films 
against attacks by hydrogen sulphide. Curve II represents the total 
sulphide formed, consisting of: (1) the amounts resulting from the diffu- 
sion through the oxide film, and (2) the amounts produced by the replace- 
ment of oxide. Curve I represents only the first of these amounts. 
Thin films containing pores and thick ones that are cracked give less 
protection than those of the intermediate thickness range, approximately 
125 to 275 A. The pores decrease with increase of thickness until the 
most continuous film and the one of maximum protection is obtained at 
approximately 200 A. The increasing pent-up stresses owing to the 
fact that the volume of the film is greater than that of the metal used 
cause minute cracks to appear in the film when its thickness approaches 
the upper end of the range of intermediate thicknesses. As the film 
thickens further, it becomes increasingly more difficult for the reactants 
to penetrate the oxide layer, and it appears that an appreciable time is 
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required for the reaction to start. When the period of exposure is 
increased sufficiently, relatively large quantities of sulphide are FS 
in the oxide films of greater thicknesses, as shown by curve III of Fig. 2 
These observations concerning the protections afforded by oxide flee 
of various thicknesses are in good agreement with the results of Evans’ 
well-known experiment with silver nitrate drops.? 
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Curve I represents the amounts of sulphide formed by direct reaction between the 
hydrogen sulphide and the base metal during an exposure of 80 sec. Curve II shows 
the total amounts of sulphide formed in the 80 sec. (the amounts represented by 
curve I and those produced by replacing some of the oxide). Curve III represents 
the total sulphide formed on a different series of specimens when exposed for 
180 seconds. 


Specimens containing oxide and sulphide films of several thicknesses 
were exposed simultaneously to moist hydrogen sulphide gas for 3 min. 
Representative results are given in Table 5, showing that larger quan- 
tities of sulphide were added to the oxide films. Under the conditions 


TasLe 5.—Comparison of Sulphide Formed in Oxide and Sulphide* Films 


Initial Thickness of Films, Thickness of Films after @heage tat hiclcuecs: ie 
IN. Exposure to H2S, A. 

Film I Film II Film I Film II Film I Film II 
Cu20 Cus Cu20 Cu20 Cu28 Cu20 Cus Cu20 Cus Cu20 Cus 
LF 93 140| 56 220 94 185 1 127 46 185 
56 246 S15 oo 360 218} 295 3 114 97 295 
57 392 528) 57 525 383 | 368 0 133 145 368 
44 1,190] 1,194] 44 | 1,352] 1,188) 300} 0 | 162 6 | 300 


« The sulphide films contained the nonreplaced part of the ordinary air-formed 
oxide film. 
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of these experiments,* it appears that oxide films afford less protection 
against hydrogen sulphide attacks than sulphide ones of similar thick- 
nesses. <A possible explanation of this difference in protective qualities 
is given in the theoretical considerations. 


THEORETICAL CONSIDERATIONS 


After studying these results and those of previous workers, the 
authors are giving some of their views concerning the mechanism of the 
tarnishing of copper in a moist atmosphere containing hydrogen sulphide 
gas. Any future change or modification in these views, influenced by 
new or extended researches, should not affect the experimental results 
recorded above. 

The following equations are considered to represent the expected 
reactions when copper, containing some cuprous oxide, is exposed to 
moist hydrogen sulphide in air: 


2Cut + 2H+ + S=— Cu.S + 2Ht [1] 
2H+ + O- > H.O [2] 
2H+ + 2Cut+ + O= — H2O + 2Cut Effect d [3a] 
2Cut + 2H+ + 8= > Cu.8 + 2H+ ect on cuprous oxide [30] 


Equations 1 and 2 involve: (a) the ionization of hydrogen sulphide in the 
moisture layer on the outer surface of the film, (6) the diffusion of copper 
cations and electrons from the base metal outward across the film and 
sulphur anions inward, and (c) the possible reaction of the hydrogen 
ions with any accessible oxygen from the air that becomes ionized. When 
the film contains some cuprous oxide, the reactions represented by 
equations 3a and 3b may proceed one or more times before the same 
amount of hydrogen ions combine with oxygen from the air according to 
equation 2. Price!® has reviewed recent German advances in the 
mechanism of oxidation and tarnishing of metals, and has given much 
evidence in support of C. Wagner’s theories, !! which postulate the diffusion 
of cations and electrons outward and anions inward through the film. 
The diffusion of either the cations or anions is usually negligible and it is 
possibly the large anion that diffuses least in the present experiments. 

It appears now that all of the observations can be explained: 

1. An increase in the concentration of the hydrogen sulphide gas 
increases the rate of supply of sulphur ions and hence the rate of forma- 
tion of sulphide. 

2. When the hydrogen sulphide concentration is high, an increase of 
moisture increases the amount of the irregular surface that is covered 
with a moisture film (until the entire surface is covered). This increases 


*These observations were made on severe attacks of hydrogen sulphide and 
should not be confused with results obtained from exposures to normal atmos- 
pheric conditions. 
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the area exposed to the attacking ions, thus increasing the rate at which 
sulphide is produced. If the concentration of the attacking gas is very 
small, a large amount of moisture will decrease the number of ions per 
unit volume in the moisture film. This reduced ionic concentration 
limits thé number of ions reaching the reaction surface and accordingly 
decreases the rate of the sulphide formation. 

3. Equation 1 is considered to represent the primary reaction because: 
(a) the total amount of sulphide added to the oxide films was generally 
much larger than the amount that could be accounted for by the replace- 
ment of oxide, and (b) when the film thickness became too great to 
permit the formation of sulphide in a given time by diffusion, no sulphide 
was formed by the replacement of oxide. After some ionized hydrogen is 
made available by the primary reaction, the amount of oxide replaced by 
the reactions represented by equations 3a and 3b depends on the accessi- 
bility of ionized oxygen and oxide. Rarely did the total amount of 
sulphide formed appear to approximate that accounted for by the replace- 
ment of oxide. In the absence of oxygen, oxide would be replaced, and 
after the replacement of the accessible oxide molecular hydrogen would 
probably be liberated. 

4. Generally the rate of growth of a solid film on a metal surface is 
controlled by the rate of diffusion of the anions and cations, but the rate 
of growth may be controlled in some cases by the diffusion of the electrons 
through the film.!° Since the specific resistance of cuprous sulphide is 
possibly greater than that of cuprous oxide, further experiments may 
show that the differences observed in the protective qualities of sulphide 
and oxide films (Table 5) are due largely to differences in the electrical 
conductivities of the film substances. 


SUMMARY 


1. The electrical method of measuring film thickness was used to 
measure tarnish films on copper when they were mixtures of cuprous 
oxide, cupric oxide and cuprous sulphide. 

2. Copper sulphide films are shown to have approximately the same 
thickness values as copper oxide films of the same colors and orders. 

3. Mixtures of oxide and sulphide films giving uniform tints were 
found to have total thickness values consistent with the values for oxide 
films of similar colors. 

4. Previous electrical measurements of the rapid formation of invisible 
oxide films at ordinary temperatures were confirmed. 

5. When oxide-coated copper was exposed to moist hydrogen sul- 
phide in air copper sulphide was formed: (1) by combining some sulphur 
with copper from the base metal, and (2) by replacing some oxygen from 
the oxides by, sulphur. 
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6. No evidence was obtained of the replacement of sulphur by oxygen, 
even when the sulphide films were subjected to oxidation treatment in 


an electric furnace. 

7. Thin oxide films containing pores and thick ones with cracks gave 
less protection against severe attacks of moist hydrogen sulphide in air 
than films of the intermediate thickness range. This range of greatest 
protection was found to be approximately 125 to 275 A., the thickness 
giving maximum protection occurring at about 200 A. 

8. It was observed that sulphide films gave more protection against 
severe attacks of moist hydrogen sulphide in air than oxide films of 


equal thicknesses. 
9. The authors gave some of their views concerning the mechanism of 
the tarnishing of copper by moist hydrogen sulphide in air. 
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DISCUSSION 
(Ernest B. Drake presiding) 


L. E. Pricn,* Cambridge, England (written discussion).—The value of this 
method lies in the ease with which tarnish products can in certain cases be analyzed. 
In conjunction with Thomas,” I have been able to use the method for analyzing the 
tarnish products on silver and its alloys. 

It does, however, seem desirable to compare the reduction potentials with those 
calculated from known data. It is therefore unfortunate that the potentials are not 
given against some standard electrode. In our own work we have compared the 
calculated values with those actually found and observed that the reduction potential 
of cuprous sulphide agreed fairly well with that calculated, but that the potentials 
for cuprous and cupric oxides were markedly more negative. On reducing the current 
density the potential for cuprous oxide approached the calculated value asymptotically. 

It is very doubtful whether the estimation of cuprous sulphide is as accurate as 
suggested. The authors assume that the whole of the current is, in this case also, 


* University of Cambridge. 
“LL, KE. Price and G. J. Thomas: Jnl. Inst. Metals (1938) 63, 29. 
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utilized in the reduction of the sulphide, even though the potential is only 0.1 volt 
more positive than the potential for hydrogen evolution. It has been clearly estab- 
lished that the potential at which hydrogen is evolved is a function dependent upon 
the nature of the surface and the current density and the amount of hydrogen liberated 
at the cuprous sulphide potential may be by no means negligible. The estimation may 
therefore only be semiquantitative. This objection does not apply to the estimation 
of cuprous or cupric oxides. 

Wagner!’ and Reinhold and Mohring" have shown, at least for cuprous oxide and 
cuprous selenide, which is almost certainly analogous to cuprous sulphide, that the 
anions in the lattice are immobile while the cations can diffuse fairly readily through 
the lattice. Modern theories of film growth thus readily explain the failure to convert 
copper sulphide into the oxide but provide no ready explanation for the mechanisms 
involved in the sulphidation of the oxide. It is difficult to see how equations 3a and 
3b can apply to anything but the outermost layer of molecules. 


W. H. J. Vernon,* Teddington, Middlesex, England (written discussion).— 
Congratulations are due to the authors for the ingenious way in which they have 
adapted Dr. Miley’s electrical method to the study of complex sulphide and oxide 
films on copper. The differentiation which this permits between the several con- 
stituents is particularly striking and further applications will no doubt follow in due 
course. At the present stage, however, caution would seem to be necessary in the 
quantitative interpretation of results. Work recently completed at Teddington" on 
thin oxide films on iron, using chemical methods, supplemented by the vacuum fusion 
method of H. A. Sloman, has yielded film-thickness values considerably less than those 
previously reported by Dr. Miley.!® It seems probable that the discrepancy may be 
associated with difficulties in fixing the position of the critical point on the potential- 
time curve (e.g., 7,y,2 in Fig. 1); other possible sources of error have been discussed 
elsewhere.!7 In Tables 2 and 3 film-thickness values are expressed to the nearest 
Angstrom unit. It is hardly likely that the authors would wish to claim this degree 
of accuracy; the view reached at Teddington is that no method of film-thickness 
determination is capable of approaching such accuracy even if the demarcation 
between surface film and basis metal were sufficiently precise to demand it. 

It is important to bear in mind (as stated by the authors in the footnote on p. 246) 
that the tarnish films described in the paper are all “synthetic”’ in character, and 
consequently their properties do not necessarily correspond with those formed under 
service conditions. In my First and Second Reports to the Atmospheric Corrosion 
Research Committee'® (work conducted under auspices of British Non-ferrous Metals 
Research Association) it was shown that the properties of the two types of film are in 
certain respects very dissimilar. For example, in contrast with the present results, 
thin films of oxide on copper were found to be extremely protective towards ordinary 
indoor tarnishing, while initial films of sulphide of equivalent thickness actually 
promoted further oxidation. The authors’ opening paragraph suggests that they 


130. Wagner: Ztsch. phys. Chem. (1933) 22-B, 212; (1937) 37-B, 155; (1988) 
40-B, 197. 

14. Reinhold and H. Mohring: Zétsch. angew. Chem. (1935) 48, 709. 

* Chemical Research Laboratory, Department of Scientific and Industrial Research. 

16 W. H. J. Vernon, F. Wormwell, T. J. Nurse: The Thickness of Air-formed Oxide 
Films on Iron. Jnl. Chem. Soc. (1939) 621. 

16 Carnegie Schol. Mem., Iron and Steel Inst. (1936) 25, 197. 

7 Jnj. Iron and Steel Inst. (1937) 135, 409P, 412P. 

18 Trans. Faraday Soc. (1923) 19, 839; (1927) 28, 113. 
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are unaware that the composite character of ‘natural” tarnish films (those 
formed by exposure to ordinary room atmosphere) had been established some 
time ago by chemical methods (Second Report, p. 123). On p. 248, my early 
observation concerning the ‘‘edge effects on specimens tarnishing in room atmospheres 
is referred to, but the ‘‘explanation,’’ worked out in a whole series of experiments 
(First Report, p. 894 et seq.), is attributed elsewhere. Actually, the importance of the 
“diffusion factor,” which operates characteristically on free exposure as distinct from 
exposure in closed vessels, was emphasized repeatedly in both the First and Second 
Reports. It was also shown in the First Report that tarnishing due to very small 
(atmospheric) concentrations of hydrogen sulphide is hindered by thin moisture films. 
The authors’ technique, however, represents a great advance in this field, and further 
developments (particularly in the study of films produced in atmospheres containing 
much lower concentrations of hydrogen sulphide than those employed in the present 
work) will be warmly welcomed. 


D. H. Bancuam,* London, England (written discussion).—A striking feature of 
the results is the marked decrease in the porosity of the cuprous oxide films as their 
apparent thickness undergoes the proportionally very small increase from ca. 90 to 
110 A. This is evidenced by the rapidly falling sections of the curves of Fig. 3 near 
the ordinate. axis, indicating a marked decrease in the rate of attack by hydrogen 
sulphide as the oxide film increases in thickness between these two limits. A further 
exploration of this region, though clearly difficult, might well throw some light on the 
structure of these very thin films. One possible explanation, which accords with some 
unpublished work of the present writer, is that film formation starts from nuclei, and 
that lateral growth takes place simultaneously with thickening. 


J. B. Dygss anp H. A. Mixery (written discussion).—The authors are glad that 
Dr. Price and Dr. Thomas have been able to use the electrical method for analyzing 
the tarnish products on silver and its alloys. The silver-alloy products are more 
complicated, and it is clearly more difficult to assign the reduction potential values to 
the respective products than in the present investigation. The oxides had been meas- 
ured previously, and the addition of the sulphide component provided only one addi- 
tional reduction potential. Dr. Vernon stated that the composite character of the 
natural tarnish films had already been established; the authors wish to emphasize 
that their experiments were directed toward the measurement of the tarnish products 
on copper rather than toward their analysis. 

The relative closeness of the potential values at which cuprous sulphide is reduced 
and hydrogen evolved was recognized by the authors. It is well known that when the 
thermodynamic conditions appear to be such as to permit two reactions to proceed 
simultaneously the primary one may repress the secondary one until it has been com- 
pleted. In the present case, however, there is an appreciable difference between the 
potential values resulting in a well-defined and reasonably sharp transition between 
the reactions (Fig. 1,z). The consistency of the results, particularly the constancy of 
the color values obtained from mixed films, consisting of varying percentages of sul- 
phide, lead the authors to believe the sulphide determinations sufficiently quantitative 
to justify the conclusions recorded. The thickness values shown in the tables beyond 
the first one are given to the nearest Angstrom unit merely because they are single 


values and representative to the respective types of experiments, as was explained in 
the note following Table 1. 


* The British Coal Utilisation Research Association. 
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The authors suggested (p. 246) that the relatively large oxygen and sulphur anions 
diffuse less than the copper cations. Dr. Price’s reference to Wagner’s work as show- 
ing that the oxygen anions and possibly the sulphur are immobile, while the cations 
can diffuse fairly readily through the lattice, offers an explanation not only for the 
failure to convert copper sulphide into the oxide but also for the replacement of some 
of the oxide by the sulphide. Assuming that the oxygen and sulphur anions are 
immobile, equation 1 involves the outward migration of the copper cations and elec- 
trons from the base metal followed by the inward migration of the hydrogen cations 
liberated from this reaction. The hydrogen ions may migrate to appreciable depths 
within the film or remain near the surface until they combine with oxygen anions as 
represented by equation 2 or 3a, depending on the accessibility of the respective anion 
sources. If the reaction proceeds as shown in equation 3a, the freed copper cations 
migrate to the surface to react as shown in equation 3b. It should be emphasized that 
equations 1 and 3b may be identical surface reactions, the cations of the first being 
supplied from the base metal while those of the latter are released from the oxide 
film. In neither case is it necessary to consider that the anions penetrate the film. 

The results for oxide films on iron (ref. 1 of Dr. Vernon’s discussion) will be awaited 
with much interest. Caution should be exercised before assuming that the results 
of any single method are correct and that quantitative interpretations of different 
measurements obtained from another method may not be correct. The methods 
may be measuring different things; the large discrepancy between the gravimetric 
results of Dr. Vernon and others and the optical results of Constable and others was 
explained on this basis (Dr. Vernon’s ref. 2) without assuming that there were any 
inaccuracies in the different sets of measurements. Dr. Vernon raised a question 
concerning the accuracy of the value of the index of refraction employed by Constable 
(Dr. Vernon’s ref. 3); Leberknight and Lustman! have recently obtained, by a very 
different method, an average value for the index of refraction of oxide films on iron, 
which is very close to Constable’s value. Their method may accordingly yield 
thickness values in good agreement with those given by the electrical method. 

The difference between the films formed from severe attacks of hydrogen sulphide 
and those formed under service conditions was emphasized by the authors (footnote, 
p. 246). Because of this difference, they made no attempt to correlate the two sets 
of results on protective quality. In the authors’ experiments the electrical conduc- 
tivities of the film substances may have determined the protective qualities while in 
the less severe attacks of service conditions the diffusion of the cations may have 
determined the protection afforded. 

The authors devoted only three sentences to the “edge effect’”’ observed by differ- 
ent workers. Reference 8 was selected because it directs the reader to a concise 
explanation based on both experimental observation and mathematical consideration 
and to the work of Dr. Vernon and also that of L. R. Luce. In referring to his own 
work2° Dr. Vernon stated, among other things, that “ .. . the tarnishing of copper 
under ordinary conditions appeared to be favored by a low relative humidity and 
hindered when the concentration of water vapour was excessively high.” In the same 
introductory discussion he referred to the work which he considers to be confirmatory 
and said, “It has since been shown by U. R. Evans that if the concentration of 
hydrogen sulphide is sufficiently low, tarnishing is actually hindered by the presence 
of a film of moisture on the metal surface.”” The authors have no desire to attribute 
incorrectly any of the conclusions of others; in order not to occupy too much space, 
very little has been devoted to the discussion of the work of others, but if the references 


190, BE. Leberknight and B. Lustman: Jnl. Optical Soc. Amer. (1939) 29, 63. 
20 W. H. J. Vernon: Trans. Faraday Soc. (1927) 23, 117. 
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are followed the observations and conclusions of Dr. Vernon, and those of Constable, 
Evans and others will be brought before the reader. 

The Central Scientific Co. has recently given to the authors information showing 
that the copper No. 1 mentioned in the paper was 99.99 per cent pure. 

Dr. Bangham’s suggestion that film formation may start from nuclei and lateral 
growth proceed simultaneously with thickening is interesting. The term ‘pores’’ 
may refer largely to discontinuities in the earliest film formation and to the relatively 
thin places in later ones. 


Electron Diffraction Effects from Polished Zinc Surfaces 


By M. L. Fuuuer,* Memper A.I.M.E. 
(Detroit Meeting, October, 1938) 


Durine the last several years many papers have appeared dealing 
with the structure of highly polished metal surfaces. The awakening of 
interest in this subject is due to the applicability of the electron diffrac- 
tion technique to the study of surfaces. The original theory of Beilby! 
considered the surface of polished metals as of the nature of a super- 
cooled liquid or a vitreous, amorphous solid. The electron diffraction 
effects from polished metals have been interpreted by many to be a direct 
experimental proof of the correctness of the Beilby theory. This inter- 
pretation has been strongly opposed by others, so that at the present time 
the subject is in an uncertain and controversial state. 

In the present paper new, and hitherto unpublished, electron diffrac- 
tion effects from polished zine are described. These observations indicate 
that the polished surface of zine is crystalline. 


PUBLISHED WoRK 


Many papers?— have interpreted the electron diffraction evidence as 
proof of the Beilby amorphous theory. All investigators agree that 
highly polished metals give rise to two diffuse diffraction haloes, similar 
to those obtained by the diffraction of X-rays in liquids and vitreous 
solids. It is this similarity that leads to the amorphous-layer interpreta- 
tion of polished metals. Strangely, the interatomic distances calculated 
from these haloes are very similar for the various metals investigated, 
in spite of a rather wide range of such distances in the crystalline and 
liquid states. The calculated atomic sizes are, furthermore, smaller 
than are experienced in the normal states of the metals. In spite of these 
anomalies, the amorphous-layer interpretation has been adhered to by 
many. One investigator, 8. Dobinski,'! differs from the others in his 
experimental results. By polishing under benzene in order to avoid the 
possibility of oxidation, Dobinski obtains diffuse haloes of radii different 
from those previously obtained. He thus obtains a more rational quanti- 
tative correlation of the diffuse haloes with the amorphous-layer theory. 


Manuscript received at the office of the Institute April 16, 1938. Issued as T.P. 
965 in Merats TecuHNouoey, September, 1938. 

* Investigator, Metal Section, Research Division, The New Jersey Zine Co., 
Palmerton, Pa. 


1 References are at the end of the paper. 
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On the other hand, L. H. Germer! and F. Kirchner!* have produced 
evidence showing that the diffuse haloes are obtainable from materials 
that are definitely crystalline. For example, Germer has obtained two 
diffuse haloes by the reflection of electrons from a thin film of evaporated 
zine sulphide condensed on a glass plate. The same film, flaked away 
from the glass and examined by the transmission of electrons, yielded a 
normal Debye-Scherrer diffraction pattern typical of crystalline zine 
sulphide. Kirchner has performed a similar experiment with gold leaf. 
Further experimental work in Kirchner’s laboratory's” has led him to 
the conclusion that whether one obtains the diffuse haloes or a typical 
crystalline pattern depends on the ‘‘ Rauhigkeit”’ of the surface, which 
may be interpreted as the “‘surface texture.” It is generally recognized 
that the diffraction patterns obtained by the ‘‘reflection”’ of electrons are 
really due to the transmission of the electrons through ultramicroscopic 
projections at the surface of the specimen. When the surface becomes 
extremely smooth and the projections extremely small, as in polishing, 
the available grating area of each projection will be too small for efficient 
diffraction, resulting in a diffusion of the lines of the pattern. Refraction 
of rays entering and leaving the same crystal surface may also affect the 
appearance of the diffraction maxima. 

G. I. Finch, one of the most active supporters of the amorphous inter- 
pretation, now admits" that the evidence for the diffuse halo ‘‘ean only 
be regarded as such as to leave in doubt the issue as to whether the polish 
layer is crystalline or amorphous.”’ Finch continues to hold to the amor- 
phous theory, however, on the basis of other, indirect evidence. This 
indirect evidence is based on the experimental observation that polished 
metal surfaces have the ability to dissolve other metals, deposited thereon 
by sputtering, much more rapidly than do ordinary metal surfaces. It 
seems probable, however, that a polished surface, consisting of extremely 
fine crystals, could equally well account for this high diffusion rate. The 
extremely fine crystals would present an unusually high crystal surface 
and would thus be very amenable to rapid diffusion. 


THE CAMERA 


The electron diffraction camera is of the hot-filament type. In the 
design of the camera the writer was greatly assisted by the privilege of 
inspecting two other electron diffraction units. The courtesy and advice 
of Dr. L. H. Germer, of The Bell Telephone Laboratories in New York, 
and of Dr. Raymond Morgan, of the Randall-Morgan Laboratory of 
Physics, University of Pennsylvania, in this regard, are deeply appre- 
ciated. The cathode assembly, anode, and slit system are patterned 
closely after Germer’s camera.” The plate-holder end of the camera is 
very similar to that of Morgan and Smith.® The fluorescent screen is 
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made with specially prepared willemite supplied through the courtesy of 
Dr. H. W. Leverenz,! of the R. C. A. Laboratories. 

The specimen-holding device is designed especially for the study of 
surfaces by the reflection of electrons. Manipulation of the specimen is 
carried out by means of Sylphon corrugated copper bellows. Thus the 
specimen may be independently adjusted in angle with the incident 
electron beam or moved in or out of its path. Provision is also made 
for varying the position at which the beam strikes the specimen and for 
bringing several specimens successively into the path of the beam. 

In using the camera for this investigation, the following conditions 
were employed: 

Electron voltage, 40 to 45 kv., actual voltage for each photogram being 

determined by recording a reference pattern. 

Grazing angle of incidence of electron beam on specimen approxi- 

mately 0.5°. 

Distance from specimen to photographic plate, 38.1 cm. 


ELECTRON DIFFRACTION OBSERVATIONS ON POLISHED ZINC 


A large number of polished zinc surfaces were examined in the electron 
diffraction camera. It was discovered that polished zine gave rise in some 
instances to diffraction effects in addition to the two diffuse haloes reported 
in the literature. 

Fig. 1 is a reproduction of the several typical photograms upon which 
this paper is based. A shows the two diffuse haloes generally obtained 
from polished metal surfaces. This specimen was produced by careful 
metallographic polishing, such as is used in the preparation of specimens 
for metallographic examination. The polishing was carried out according 
to methods developed by J. L. Rodda,” of this laboratory. Carefully 
prepared abrasives were employed in such a manner as to produce a 
minimum of distortion of the underlying grain structure. The excellence 
of this polishing technique in producing a high optical polish with very 
little distortion has been demonstrated in these electron diffraction studies. 
Many of the specimens did not yield the halo type of diffraction pattern 
typified by photogram A but yielded a diffused pattern of crystalline 
zinc. The diffuse-halo pattern, A, was obtained with about equal 
frequency, with no apparent change in polishing technique. In rare cases 
the pattern of photogram B is obtained by the same polishing procedure. 
Photogram B is a definite indication of crystallinity. Diffraction lines 
perpendicular to the shadow edge intersect the haloes, yielding a pattern 
analogous to those obtained from single crystals or highly oriented poly- 
crystalline surfaces.?*”* 

Photograms D, EF and F show similar diffraction effects, those of D 
being barely perceptible and those of H# and F being strongly developed. 
The latter group of photograms was obtained with polished specimens 
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Fia. 1.—E.ecrron DIFFRACTION PHOTOGRAMS FROM POLISHED ZINC.® 


PHOTOGRAM 
A 


B 
C 


D 


TREATMENT OF SpHCcIMEN 
Zinc, metallographically polished 
Zinc-base alloy,’ metallographically polished 
Identical with A, but small angle of incidence 
of electron beam. 
Zine, metallographically polished, annealed 16 
hr, at, 50° G. 


Zinc, metallographically polished, annealed 50 
hr. at 50° C, 


Zinc, metallographically polished, annealed 18 
hr. at 50° C. 


Zine, buffed with commercial buffing compound 


Zine-base alloy, buffed with commercial buffing 
compound 


DirrrRaction Errercrs 
Two haloes 
Two haloes, three vertical lines 
Three haloes 


Two haloes, faint intensity maxima 
at points of intersection of vertical 
maxima 

Two haloes, three vertical lines 


Two haloes, five vertical lines 


Spots produced by intersecting hori- 
zontal and vertical maxima and 
polycrystalline zine oxide rings 

Four horizontal lines with spots pro- 
duced by intersecting vertical lines 


(For remainder of legend see opposite page) 
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which had been annealed at 50° C. These specimens gave the diffuse- 
halo pattern A before annealing and developed the vertical diffraction 
maxima as a result of the annealing. 

It may be hypothesized that these data indicate that as the zinc is 
polished the crystals become broken up into smaller and smaller units, 
resulting in a diffusion of the normal polycrystalline type of diffraction 
pattern. Plastic deformation takes place at the same time, which results 
in a reorientation of the crystals by the well-known slip-rotation process 
whereby the crystals align themselves with the slip plane (basal plane of 
the hexagonal close-packed zine structure) parallel to the surface of 
polish. The oriented crystalline structure type of pattern was developed 
by polishing only in the specimen of photogram B, but annealing was 
required for photograms H and F’. It is suggested, in regard to the speci- 
mens typified by photogram A, that the surface texture is not suitable for 
the diffraction of electrons even though the surface is crystalline. Such 
surfaces, when annealed at 50° C., may undergo sufficient recrystalliza- 
tion and/or grain growth to cause a change in the surface texture, so that 
an electron diffraction pattern may be obtained by transmission of the 
electrons through minute projections of crystals at the surface. An 
alternative explanation of the possible effect of annealing may be offered. 
Prior to annealing the crystals may be too small to be effective diffraction 
gratings. Annealing at 50° C. may permit growth in crystal size sufficient 
for effective diffraction. 

The foregoing hypothetical interpretation of the significance of the 
diffraction effects in photograms B, E and F is based upon Kirchner’s?!”2 
generally accepted analysis* of the diffraction of electrons at the surfaces 
of single crystals and the adaptation of this concept to diffraction by 


@ The relative intensities of the diffraction effects in the figure are not accurate reproductions of the 
original plates, owing to the necessity for controlling the printing so as to produce the clearest repro- 
duction. The over-all density of the original plate varies from bottom to top 

6 Composition of alloy: 4 per cent Al, 0.03 per cent Mg, balance high- palin zine (A.S.T.M. XXIII 


alloy). 


* Kirchner’s explanation of the surface diffraction of electrons from single crystals, 
briefly stated, is as follows: Three conditions of diffraction may be operative. The 
first condition, giving rise to haloes, is the result of the diffraction of electrons by rows 
of atoms lying in the surface of the specimen and approximately parallel to the incident 
electron beam, while the second condition, giving rise to vertical lines (actually 
hyperbolae) on the photogram, is the result of diffraction by rows of atoms lying in 
the surface and perpendicular to the incident beam. A third condition occurs as a 
result of atom rows perpendicular to the surface. This gives rise to horizontal lines 
(actually hyperbolae) on the photogram. An intense spot appears on the photogram 
wherever two diffraction maxima intersect one another. Photogram B does not 
show the horizontal lines of the third diffraction condition, although H does show 
them. (Photogram H does not arise from the zinc surface, however, but from an 
organic film, as will be discussed later in the paper.) 

For a complete discussion of this phenomenon, reference should be made to the 
original paper by F. Kirchner and H. Raether*! or to the book by R. Beeching.” 
A discussion of the part these three conditions play in the diffraction of electrons by a 
highly oriented polycrystalline surface is given by R. O. Jenkins. 
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highly oriented layers of polycrystalline material as described by 
R. O. Jenkins.234 Jenkins observed the electron diffraction effects from 
polished polycrystalline graphite surfaces”* and from oxide films on molten 
metals.24. The patterns are characterized by vertical diffraction lines 
with intense spots at various locations along these lines. Assuming that 
the plane parallel to the surface is (hkl) = (001) Jenkins found that the 
vertical maxima were due to various (hk0) spacings, indicating that the 
crystals occupied various positions in azimuth about the normal to 
the (001) plane as an axis of rotation. 

In the specimens of polished zinc in photograms B, EF and F, strong 
zero, first and second order (the last visible only on F’) vertical diffraction 
maxima were obtained from atom rows perpendicular to a (10.0) plane. 
The electron measured value for this atom spacing is 4.68 Ay agreeing 
within the limits of error with the corresponding X-ray value of 4.60 A. 
Vertical diffraction maxima corresponding to the close-packed row of 
atoms perpendicular to a (11.0) plane are not obvious on the reproductions, 
although scrutiny of the original plate shows a faint indication of first 
order diffraction from this spacing, 2.66 A. 

The absence of diffraction spots along the central vertical maxima 
corresponding to Bragg reflections” from the basal plane may be due to 
the effect of refraction in destroying the sharpness of such reflections. 
The absence of horizontal diffraction lines in photograms B, E and F 
may be a result of the surface texture, which may not present to the 
incident electron beam a sufficiently long row of atoms in the direction 
normal to the polished surface for proper diffraction interference. 

By using a very small angle of grazing incidence in photographing 
the} electron diffraction pattern of the specimen of photogram A, a 
third halo of smaller radius than either of the other haloes is obtained. 
This is illustrated by photogram C, for which the grazing angle was 
0.21°, whereas in photogram A the corresponding angle was 0.45°. 
The existence of this third halo has not hitherto been published in the 
literature. In a private communication, however, Dr. L. H. Germer, 
of the Bell Telephone Laboratories, states that he has also observed 
this halo. 

No quantitative correlation of these three haloes with the lattice 
structure of zinc has been made. Calculated according to the Bragg law, 
these haloes correspond to interplanar spacings of 5.0, 2.46 and 1.28 A, 
If it is assumed that the haloes arise from diffraction by rows of atoms 
lying in the surface of the specimen in the direction of the incident 
electron beam, calculated atom spacings of 850, 200, and 56 A, respec- 
tively, are obtained. These spacings cannot be rationalized with the 
zinc crystal lattice. Such rationalization is not likely, furthermore, since 
the diffuse halo pattern alone has been obtained in this laboratory and 
elsewhere from a wide variety of surfaces, The radii of the haloes are the 
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same for many substances of widely different crystalline structures and 
atomic sizes.'*!3 Hence, an electron diffraction pattern of two or three 
diffuse haloes has no significance with respect to the composition of the 
surface being examined but appears to result in some manner from the 
surface texture of the deposit. In 
the general application of the elec- 
tron diffraction technique to 
research investigations the pho- 
tography of a diffuse-halo pattern 
from a surface that is almost 
certainly crystalline is one of the 
most disconcerting experimental 
difficulties. Before a surface will 
give an interpretable diffraction 
photogram, it must not only be 
erystalline but also of a suitable 
surface texture. 

The failure of other investi- 
gators to obtain photograms like 
B, obtained by polishing alone, 
may be entirely fortuitous, since 
in the present work very few of the 
many polished but unannealed 
specimens examined gave rise to 
this type of pattern. The anneal- 
ing at 50° C., however, of speci- 
mens yielding only the diffuse-halo 
pattern generally resulted in photo- 
grams of the types D, H and F, Fic. 2.—PsEupocusic ZINC OXIDE FORMED 
with more or less clarity over a Soba ighe see ee cae 
range such as is indicated from the very indistinct photogram D to the 
very definite photogram HE. 

As an illustration of complications that arose in this investigation, 
photograms G and H are included. These photograms were taken in an 
investigation of the commercial polishing procedure of buffing. Photo- 
gram H shows horizontal diffraction maxima, which, according to 
Kirchner’s explanation, arise from rows of atoms normal to the surface. 
It was thought, at first, that these diffraction effects were from the buffed 
metal surface. In a letter, Dr: Germer suggested that these diffraction 
effects were from a film of organic material analogous to those obtained by 
others.%2"?8 The specimens were washed in alcohol and in ether before 
they were placed in the electron camera, a treatment that was considered 
sufficient to remove the grease film left on the surface by the buffing 
compound. Subsequently it was found that by more thorough cleaning 
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this film could be removed. The method used was ‘‘vapor cleaning.” 
By this procedure the specimen is suspended in ether vapor above a hot 
ether bath, whereupon ether condenses on the metal surface and runs off 
in drops, thus effecting an ether rinse with freshly distilled ether. 

After removal of the organic film from the buffed specimen, the diffrac- 
tion pattern most frequently obtained is that of zinc oxide. The pseudo- 
cubic form of zine oxide discovered by Bragg and Darbyshire” is the form 
that most commonly occurs as a thin film on oxidized zine surfaces.* 
It appears as a randomly oriented polycrystalline film, as is evidenced by 
the sharp Debye-Scherrer patterns of uniform intensity that are obtained. 
Fig. 2 is a reproduction of the photogram of a “‘Bragg-type oxide”’ film 
ona zinc surface. Photogram G of Fig. 1 is from an inadequately cleaned, 
buffed specimen and shows diffraction effects from the organic film as well 
as the underlying zinc oxide. 

Ether-vapor cleaning of specimens yielding photograms of the types 
B, E and F fails to remove the material giving rise to these photograms and 
it is therefore concluded that the vertical diffraction maxima are not due 
to an organic film. 


ON THE POSSIBILITY OF OXIDATION 


Since the polishing was carried out by wet methods, and since the 
annealing was carried out in air, it might well be suspected that the speci- 
mens would oxidize under such conditions. In order to test this possibil- 
ity, zine specimens were polished on felt with extremely fine alundum 
abrasive suspended in petrolatum, and then annealed at 50° C. while 
coated with petrolatum. This treatment prevented the access of air 
during the polishing and annealing. The only exposure to the air was 
immediately before placing in the electron camera, at which time the 
petrolatum was removed from the specimens. Electron diffraction 
examination of zinc specimens polished under these nonoxidizing condi- 
tions yielded the same results as were shown by photogram A before 
annealing and # after annealing. 

The atom spacings indicated by the vertical diffraction maxima, more- 
over, cannot be rationalized with the zinc oxide crystal lattice as they can 
be with the zine lattice. If the diffraction effects are due to an oxide 
film, the crystals of the oxide film must be highly oriented. On the 
contrary, many cases of oxidized zine surfaces have been encountered in 
this laboratory and such films have always had randomly oriented 
structures. 


* Since this paper was written, experimental evidence has been obtained to indicate 
that this corrosion film is a product of the combined action of oxygen, carbon dioxide 
and moisture and is not a form of zine oxide but probably some form of basic 
zine carbonate. 
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Buffed, polished, rolled and cast surfaces of zine that have oxide 
layers of ihe Bragg type or of the hexagonal close-packed form always 
have exhibited randomly oriented polycrystalline structures in the oxide 
film. Even single-crystal faces of zinc that have oxidized slightly in the 
laboratory atmosphere show no evidence of preferred orientation in the 
oxide film. 

From the foregoing considerations, it seems justifiable to conclude 
that the diffraction effects of photograms B, E and F are indeed due to the 
metallic zine surface and not to an oxide film. 


On THE EFFECT OF ANNEALING AT 50° C. 


It may be argued that the 50° C. annealing or the frictional heat of 
polishing may have caused an originally amorphous polished layer to 
crystallize. If this were true, it would not seem reasonable that an 
amorphous supercooled liquid would crystallize in a highly  ori- 
ented fashion. 

An exception to this argument could be taken if the crystalline layer 
beneath the polished layer were highly oriented. This might cause an 
amorphous metal layer to crystallize in the same orientation as the sub- 
strate metal. 

Regarding the possibility of an oriented crystalline layer beneath the 
polished layer, two papers have been published.*:® With polished gold, 
H. G. Hopkins® has removed the surface of the polished metal in small 
increments by sputtering and has shown that after removing 10 A. ‘the 
pattern gradually sharpens and becomes more and more intense as more 
and more of the surface is taken off,’’ until the normal Debye-Scherrer 
diffraction pattern of randomly oriented polycrystalline gold appeared. 
The thickness of the Beilby layer was estimated at 30 A. and of the total 
layer affected by the polishing at 400 to 500 A. The polishing appeared 
to result in a gradual decrease in crystal size until only the diffuse haloes 
were obtained. 

C. S. Lees, on the other hand, also working with polished gold, found 
evidence of an oriented layer between the polished layer and basis metal 
of the original unaffected crystals. C. 8. Lees concludes that the upper 
20 to 40 A. is either pseudoliquid or else is composed of minute nonoriented 
crystals not bigger than 15 A. The oriented layer immediately beneath 
this surface layer is found to have a depth of 10,000 to 100,000 A. 

Neither Hopkins nor Lees studied polished zinc, and the writer has no 
experimental data on the nature of the Sieurace strata of the polished 
specimens upon which this paper is based. The researches of Hopkins 
and of Lees and the results of the present paper seem to indicate that the 
polishing brings about a reduction in size of the crystals by the fragmenta- 
tion accompanying plastic deformation. The development of a preferred 
orientation of the deformed crystals takes place at the same time. 
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Whether or not one obtains electron diffraction evidence of this oriented 
crystalline structure seems to depend upon the production of a surface 
texture suitable for the reflection type of photogram. 


SuMMARY AND CONCLUSIONS 


Under certain circumstances polished surfaces of zine yield electron 
diffraction effects that indicate the surface to be definitely crystalline. 
These diffraction effects are in the form of diffraction lines perpendicular 
to the shadow edge of the reflection type of photogram. Quantitative 
correlation has been made with the hypothesis that the polished zine 
surface consists of very minute crystals of zinc, oriented with their basal 
planes parallel to the plane of polish. Explanations for the absence of 
other diffraction effects that might be expected on the basis of the hypoth- 
esized structure have been offered, but these cannot be definitely proved. 

Experimental evidence from this laboratory and from the literature 
have been adduced to show that the diffuse-halo pattern alone has no 
significance with respect to composition and crystalline structure of a 
surface, and that whether or not such a diffraction pattern is obtained is 
dependent on the surface texture of the specimen. No rigorous explana- 
tion can be given for the genesis of the haloes. 
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DISCUSSION 


(H. EH. Schumacher presiding) 


C. J. Davisson,* New York, N. Y. (written discussion).—Mr. Fuller shows that 
some specimens of highly polished zine give the same pattern of diffuse haloes as has 
been observed with a number of other metals. It was not previously known, I think, 
that zine is a member of this class. 

Mr. Fuller shows also that other specimens give, in addition to the haloes, a pattern 
of equally spaced diffuse bands lying in and parallel to the plane of incidence and that 
these are enhanced by mild annealing of the specimen. From the separations of these 
bands and other pertinent data the author calculates a crystal spacing 4.6 A which 
is 1/3 times the crystal constant of zine (a = 2.65 A.). He concludes from this coin- 
cidence that the surface layers contain an aggregate of small oriented crystals with 
their basal planes parallel to the plane of the surface, or nearly so. There is no sound 
basis, it seems to me, for this conclusion. There are two ways in which an aggregate of 
zine crystals, oriented as Mr. Fuller assumes, could produce bands of the type 
observed—they might be produced by scattering from the outermost layer of atoms 
only, or they might be produced by scattering from a few atom layers only, from 
exceedingly thin crystals essentially. The scattering might be of either of these types 
because the angles at which the beam meets the surface is so small. 

The first type of scattering would, according to my calculation, give rise to a 
pattern of bands corresponding to crystal spacings 

V3a 
2(h? +k? + hk) 
where h and k are integers. The largest spacing, that for h = 1, k = 0, is 1/3 a/2, 


or one-half the value Mr. Fuller finds. 
The second type of scattering gives rise to bands corresponding to the spacings 


d= 


a 
2(h? + k? + hk) 


and the largest of these is d = a/2; that is, again smaller than the author finds. 
The distances of bands from the central band is given in the first case as 
2(h? + k2 + hk)} » 
V3 e 
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d= 


D= 
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and in the second by 


a 


D = 2(ht + kt + hky(=) 


All but a few of these bands might be missing, for one reason or another, but no band 
should appear that is not a member of one or the other of these series. Mr. Fuller’s 
“first order” bands do not belong to either series. 

I do not believe that the pattern of bands is due to zinc. 


H. R. Netson,* Columbus, Ohio (written discussion).—When a piece of zine is 
abraded on successively finer grades of emery paper, ending with very light passes 
over No. 0000, the electron diffraction pattern shows a considerable degree of pre- 
ferred orientation of the fragmented zine crystals. The orientation is the same as 
that proposed by Mr. Fuller to explain his diffraction effects; viz., basal planes are 
parallel to the plane of the surface. After this specimen had been heated in air at 
about 50°C. for about 12 days, the diffraction pattern contained maxima due to the 
ordinary hexagonal form of zinc oxide as well as maxima due to zinc. The zinc oxide 
crystals were oriented exactly as were the zine crystals, showing a definite orientation 
relationship between the zinc and the zine oxide lattice. This result indicates that 
zinc is slowly oxidized in air at 50°C. and that possibly oxide films of sufficient thick- 
ness to obscure diffraction effects from the underlying zine could be built up on 
highly polished surfaces. This possibility seems still more probable when we remem- 
ber that the effective depth of penetration of the electrons is very much less on smooth, 
flat surfaces than it is on surfaces that are submicroscopically rough. 

Moreover, there is some doubt that immersion in petrolatum will prevent a slight 
surface oxidation of metals. At room temperature iron oxidizes very quickly to a 
degree that is readily detectable by electron diffraction methods even though the 
oxygen partial pressure at the surface may be as low as 10-3 mm. If iron is abraded 
under benzene, then inserted in the diffraction camera while still covered with benzene, 
and the camera immediately exhausted, the resulting diffraction pattern still shows 
rings due to oxide. I have never tried this experiment with petrolatum but the 
International Critical Tables show the solubility of oxygen in benzene to be about the 
same as in paraffin oil or “Russian petroleum.”’ The solubility is appreciable at 
room temperature and it would seem altogether possible that the minute quantity of 
oxygen necessary to form an oxide film of perhaps 10 or 20 A. thick could readily reach 
the zine surface. 

I have long been impressed and somewhat chagrined by my inability to obtain 
interpretable diffraction patterns from polished metal surfaces. The two or three 
diffuse rings that usually are obtained can be explained in several different ways, a 
fact that explains the present state of disagreement among various workers. It 
seems to me, however, that adequate consideration has not been given to the pos- 
sibility that the electron diffraction patterns from polished metal surfaces are not 
due to the metal itself but to a very thin layer of some other material covering the 
surface. A thin film of oxide, an adsorbed film of gas or a layer of organic molecules 
have been suggested as possible types of films that normally covet the surface of a 
metal. Very likely the metal is covered by a film of oxide on top of which is an 
adsorbed layer of gas. As has already been pointed out, an excessively thin film of 
such materials on a smooth surface would suffice to obscure the diffuse maxima 
diffracted from metal crystals fragmented by polishing. Germer and Storks* have 
recently shown that a single layer of organic molecules only a few carbon atoms deep 


* Battelle Memorial Institute. 
% L. H. Germer and K. H. Storks: Jnl. Chem. Physics (1938) 6, 280. 
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gives a diffraction pattern that completely obliterates diffraction effects from the 
polished chromium surface on which the layer is deposited. Certainly an oxide film 
equally thick would be just as effective in preventing the electrons from reaching 
the underlying metal, and there is every reason to believe that the process of polishing 
is very favorable to the formation of oxides. I will venture the opinion, therefore, 
that few, if any, of the diffraction patterns from highly polished metal surfaces that 
have been reported in the literature are actually due to the metal itself. 

Aside from the possibility of oxide films, still other materials sometimes appear 
inadvertently on the surface of specimens and give rise to patterns that are difficult 
to explain. Several years ago I obtained some diffraction patterns from polished 
iron, which are so similar to those reported by Mr. Fuller that I think they should 
be described here. Ingot-iron specimens were metallographically polished with 
levigated alumina. The diffraction patterns consisted of three diffuse haloes together 
with two and sometimes three or four pairs of vertical lines. The spacings correspond- 
ing to these diffraction features are summarized in Table 1. 


TABLE 1.—Electron Diffraction Patterns from Metallographically Polished 
Ingot-iron Surfaces 


Vertical Diffracti 
Haloes, Bragg | Lines. Spacings in 
ipa ae eee Unite Pes 
fee Specimen and Surface Treatment eed are ige! SR ds Mee 
di dz ds ai a2 as a4 
621 |A19 as polished 5.3|2.4/1.24 2.64 
622 |Same surface 5.0| 2.3)1.27/4.52/2.58 
624 |Same after degreasing treatment 4 .57/2.63 1.26 
623 |A22 as polished 2.3/1. 25/4.56/2.67) 2.2 |1.31 
625 |Same after degreasing treatment 4.8/2.3/1.23]/4.52/2.61| 2.2 ]1.30 
Mean spacings 5.0}2.3)1.25/4.54/2 63) 2.2 |1.29 


As might be expected, the Bragg spacings corresponding to the haloes agree well 
with those reported by Mr. Fuller. The surprising feature, however, is the remark- 
able agreement between the atomic row spacings, which correspond to the vertical 
diffraction lines. The mean spacing calculated from the innermost pair of lines 
turns out to be 4.54 1 which agrees with the zinc atomic spacing of 4.60 A. fully as 
well as the 4.68 A. value obtained by Mr. Fuller. The second pair of lines corre- 
sponds to a mean spacing of 2.63 A. again agreeing within the limits of error with the 
zine spacing of 2.66 A. The third and fourth pairs of lines are exceedingly faint and 
difficult to measure. They are probably second orders of the two inner pairs of 
maxima. There is one obvious difference between the pattern that I have described 
and those obtained by Mr. Fuller. In my pattern the second pair of vertical lines 
is stronger than the first, whereas the reverse is true with his. 

This diffraction pattern cannot be attributed to metallic iron nor to any of the 
known iron oxides. It is inconceivable that it can be due to zinc even though it 
seems to agree so well with the type of oriented zine layer that has been hypothesized 
in the present paper. The pattern has not been explained, but whatever its signifi- 
cance it strongly suggests that the diffraction effects that have been obtained from 
polished zine surfaces may not actually be due to zine. 
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E. E. Scnumacuer,* New York, N. Y. (written discussion).—As it is only 10 or 
11 years since we heard the first reports about electron diffraction studies, this paper 
is a reminder that progress in physical metallurgy is becoming increasingly rapid. 
Each year the activity in electron diffraction studies has increased, so that as a result 
the electron diffraction camera has now definitely established itself as a tool to aid 
in the solution of many metallurgical and other problems that only a short time ago 
appeared unsolvable. 


R. Morean,t Philadelphia, Pa. (written discussion).—Mr. Fuller is to be con- 
gratulated on his careful and elucidating study of polished zine surfaces. As a tool 
in the study of surface chemistry, electron diffraction becomes more valuable by the 
additional information on diffuse-halo patterns. 


M. L. Fuuier (written discussion).—The discussion resolves itself into the ques- 
tion of whether or not the observed vertical diffraction maxima arise from metallic 
zinc. If they do arise from zine, as I have contended, it necessarily follows that the 
polished surface is crystalline. If they arise from an oxide film, as is argued by Dr. 
Nelson, or if the mechanism of electron diffraction could not have accounted for the 
observed diffraction effects from zinc, as is proposed by Dr. Davisson, the conclu- 
sions of the paper are invalid. 

Dr. Nelson has adduced electron diffraction observations from polished iron of a 
nature similar to those I have reported from zine. Unfortunately, Dr. Nelson has 
not reproduced his photographs, so that a visual comparison cannot be made. While 
the positions of these vertical maxima from iron are similar to those obtained from 
zinc, they differ markedly in intensity distribution and can therefore not be consid- 
ered as having arisen from the same material. Dr. Nelson has been unable to deter- 
mine the origin of these diffraction effects from polished iron on the basis of metallic 
iron or any of the known oxides of iron. Because of this, and since I have been able 
to account for the diffraction effects of the present paper on the basis of the crystal 
lattice of zinc, I cannot agree that the evidence Dr. Nelson has adduced refutes the 
conclusions of this paper. 

The state of the science of electron diffraction is such that explanations of the 
mechanism of diffraction from single-crystal surfaces and highly oriented polyerystal- 
line surfaces have not reached the rigorous and complete understanding that has 
been reached in regard to X-ray diffraction. In my analysis of the diffraction effects 
obtained in this paper, I have considered the diffraction maxima as arising from one- 
dimensional gratings of rows of atoms in the basal plane of zine and thus accounted 
for the observations on the basis of metallic zine. In adopting this viewpoint, I 
have followed the work of F. Kirchner and of R. O. Jenkins (ref. on page 257). On 
the other hand, Dr. Davisson has stated that this interpretation as applied to the 
work of this paper is unsound, Dr. Davisson has advanced an alternative explana- 
tion, which indicates that the observed diffraction maxima could not have arisen from 
metallic zinc. No explanation, however, has been offered by Dr. Davisson to account 
for the observations on the basis of his analysis of the diffraction effects. 

It seems to me that a completely satisfying solution of the problem must await 
general positive agreement as to the genesis of the diffraction effects reported here 
and the similar effects found by Dr. Nelson from polished iron. In opposition to the 
interpretation and conclusions in the present paper, there have been brought forth 
arguments to show that the diffraction effects could not have arisen from metallic 
zinc, but nothing has been offered to lead to a positive explanation of their origin 
from something other than zinc. 


* Bell Telephone Laboratories. 
} University of Pennsylvania. 


Pure Zinc—Its Preparation and Some Examples of Influence 
of Minor Constituents 


By E. C. TrurspaLte* anp GERALD Epmunps,* Memper A.I.M.E. 


(New York Meeting, February, 1939) 


A FEw years ago H. M. Cyr, working in the Research Laboratories of 
The New Jersey Zine Co., produced a few pounds of zine! of such purity 
that no other elements were detected in it by spectrographic analysis, 
using the facilities then available. This zinc contained less than one 
ten-thousandth of one per cent of metallic impurities.2. During the 
decade that followed upon the laboratory production of this ‘spectro- 
graphically pure’’ zinc, commercial developments brought about the 
production of large tonnages of zinc of purity exceeding 99.99 per cent, 
and today zinc of 99.999 per cent purity is produced and marketed as 
‘chemically pure” zinc. Typical analyses of present supplies of high- 
purity zinc are given in Table 1. 


TABLE 1.—Typical Analyses 


Percentage by Weight 


Sum of 
Zine Pb, Fe, 
Pb Fe Cd Al ee 
Special High Grade*.......... 0.007% | 0.005% 0.005° none | 0.010° 
C.P. (chemically pure)......... <0.0002 | 0.0005 0.000052 
§.P. (spectrographically pure)..| <0.00027|_ - <0.000052 


«A.§.T.M. Standard Specification for Special High Grade Slab Zine (A.S.T.M. 
Designation: B 6-37). 

> Maximum. 

¢ Fe chemically determined. Pb and Cd are spectrographically determined. 

4 Differences between composition of C.P. and 8.P. zinc are discussed later in this 


paper. 

The availability of commercial tonnages of special high-grade zinc 
has been the basis for the development of the zinc-base die-casting alloy 
industry which, in the year 1936, consumed one-eighth of the zinc used in 
the United States for all purposes. This and the C.P. and S.P. grades 
have given impetus to scientific investigations into the properties of pure 


Manuscript received at the office of the Institute Dec. 1, 1938. Issued as T.P. 
1033 in Mrrats Tecunowoey, February, 1939. 
* Investigator, Research Division, The New Jersey Zine Co., Palmerton, Pa. 
tH. M. Cyr: Pure Zinc. Trans. Amer. Electrochem. Soc. (1927) 52, 349. 
2 Nonmetallics are not considered; none are known to be present. 
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zine and the effects of both natural and intentional alloying ingredients. 
Later in this paper some of these subjects will be considered but first a 
discussion will be given of the method of production of the purest zine 
and the important matters of analysis and contamination. 
PREPARATION OF SPECTROGRAPHICALLY PuRE ZINC 
The method of preparation is that of vacuum distillation of liquid 
zinc, the vapor being condensed directly to the solid state on a graphite 


JK 


TO VACUUM GAUGE ~—— —— TO VACUUM PUMP 


Fic. 1.—APPARATUS FOR PRODUCTION OF SPECTROGRAPHICALLY PURE ZINC. 


sleeve from which it can readily be removed. The method first described 
by H. M. Cyr" is still in use, but details of design and operation of the 
apparatus have been varied from time to time by various operators, and 
the description given in the following paragraphs applies to the method 
at present in use. 

A sketch of the apparatus is shown in Fig. 1. The Pyrex tube A is 
about 5}¢ in. in diameter by 24 in. long, with a wall thickness of 14 in 
It rests on sand in an electric furnace B, which is wound so as to be hotter 
at the bottom than at the top. The tube is held in place by asbestos 
wool packing C. The flanged brass collar D is sealed on with wax, and 
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the flanged, water-cooled brass head E is held on by a number of clamps. 
Three concentric grooves in the flanged surfaces are filled with wax to 
insure a vacuum-tight joint. The charge of zinc is contained in a heavy- 
walled Pyrex pot F, which rests on sand. The space between A and F is 
filled with pieces of pure copper G, to promote the conduction of heat to 
the charge, a process that otherwise would be slow in an evacuated sys- 
tem. Contamination of the product by vaporization of this copper is 
hindered by the position of the graphite sleeve H; copper frequently is 
detected spectrographically in the zine produced, but only as an extremely 
faint trace, and there is some question whether the copper is in the zinc 
or in the graphite electrodes. 

The graphite sleeve, on which the zinc condenses, is cut vertically 
into three sections to facilitate subsequent removal of condensate, and 
during a run these sections are wired together. Each section of the 
sleeve is also cut horizontally at J. These discontinuities increase the 
resistance to the flow of heat upward along the sleeve, and as a result 
the portion below J remains too hot for direct condensation of zine on the 
sleevs. The zinc then condenses immediately above J and the bright 
crystals grow down into the lower portion of the sleeve without adhering 
to it or to the upper edge of the glass pot. Most of the cadmium in the 
metal being distilled, together with some zinc, condenses on the upper 
part of both the sleeve and the tube as a dull, powdery deposit. The part 
of the tube extending above the furnace is cooled by an electric fan. 

Sleeves of materials other than graphite have been tried, since 
the graphite absorbs large volumes of gas that cannot be completely 
pumped off, but in spite of this difficulty the graphite is still preferred. 
New sleeves require baking out at a red heat to remove various vola- 
tile impurities. 

In starting a run, the assembly is heated while open to the air until 
the charge has melted, thus ensuring good thermal contact between the 
pot and the charge. This results in the formation of a film of oxide over 
the liquid metal surface, which probably decreases the subsequent rate 
of evaporation somewhat. Melting in a hydrogen atmosphere decreases 
but does not eliminate this film formation. 

When the charge has melted, the system is evacuated by means of a 
laboratory oil pump. Continuous pumping results in a smooth deposit 
of zinc, which is difficult to handle, and formation of a nodular deposit is 
promoted by intermittent pumping. Pumping periods of an hour, 
with rest periods of from one to several hours (e.g., overnight) have been 
found satisfactory. The pressure, measured by a thermocouple vacuum 
gauge, varies between 0.01 and 0.3 mm. of mercury. This pressure 
variation has been observed, through the window K, to result in con- 
siderable sublimation and recondensation of the lower portions of 
the zinc deposit, and this is believed to be the chief cause of the nodular 
growth obtained. 
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The furnace temperature is held at about 570° C. as measured by a 
thermocouple on which the tube A rests. The temperature at the upper 
end of the furnace is about 100° lower. The temperature of the molten 
zinc is then about 460° when evacuation is begun, and probably decreases 
somewhat as evaporation proceeds. 

Under these conditions, a charge of 3000 grams of zinc will be 85 per 
cent distilled in 24 hr., and about 50 per cent of the total charge will be 
recoverable as desirable crystals. About half of the remainder of the 
deposit, while not in useful form, is sufficiently pure to be added to later 
charges. The powdery deposit, containing most of the distilled cadmium, 
and the residue, containing most of the lead and iron, are discarded. 

The product is redistilled, if necessary, until the present technique for 
qualitative spectrographic analysis shows only the rate ultime (by are 
spectrum) of lead (wave length 2833 A.) and sometimes the raie ultime of 
cadmium (wave length 2288 A.) and/or of copper (wave length 3247 A. MP 
and none of these more than very faintly. 

The present lower limits in this laboratory for the quantitative spec- 
trographic estimation of impurities in zinc are, in per cent: Cd, 0.00005; 
Pb, 0.0002; Fe, 0.001. This high limit for iron seems to be due to the 
atmospheric contamination found in every industrial or semi-industrial 
location. Under more favorable conditions a lower Fe limit has oceca- 
sionally been reached. The average of a large number of chemical 
analyses of C.P. zine gives 0.0005 per cent Fe, and this value is accepted 
for this grade of zinc. Hence, in a quantitative sense, all that can be 
said is that the concentrations of impurities in S.P. zine are lower than 
the limits stated above, but this is misleading because the qualitative 
test is more sensitive than the quantitative one and the qualitative test 
detects only extremely faint traces of the impurities mentioned in the 
preceding paragraph. This may be further emphasized by pointing out 
that a special lot of C.P. zine, which is the starting material for the prep- 
aration of §.P. zine, itself carries the following impurity concentration: 
Cd. 0.000027 per cent and Pb, 0.0001 per cent by spectrographic analysis, 
and Fe, 0.0005 per cent by chemical analysis. 

In obtaining the spectrographic analysis of the above-mentioned 
special lot of C.P. zine, the impurities were concentrated before analysis, 
by treating the zinc with sulphuric acid sufficient to dissolve only about 
90 per cent of the sample. This results in reprecipitation of heavy metal 
impurities on the remaining zine, and the latter is then used as the 
spectrographic sample. The same method is being tried with 8.P. zine, 
but the rate of solution of this zinc in sulphuric acid is so extremely slow 
that no results have been obtained. 

Great care is exercised throughout the preparation and handling of 
the pure grades of zine to prevent contamination during or subsequent to 
manufacture. Minute amounts of contaminants are sufficient to multi-! 
ply the impurity content of such pure material by several fold. Hands} 
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tools and containers are kept scrupulously clean and the metal is pro- 
tected from dust as well as possible. Melting is usually done in Pyrex 
glass or silica containers, and no detectable impurities are thereby intro- 
duced. Notwithstanding the care that is used, contamination occa- 
sionally occurs, as is evident from reanalysis. This point can hardly be 
emphasized too strongly, particularly when individuals not accustomed to 
such pure materials are engaged in work with them. Alloys made from 
a pure zinc base may be seriously contaminated by impurities in the 
addition metal. 


PHYSICAL CONSTANTS OF PurEst ZINC 


The physical constants of purest zinc were published on page 281 of 
the March 1938 issue of Metal Progress and will not be reviewed here. 
As is pointed out there, the purity stated is that for metal used in pre- 
paring test pieces. Actual compositions may have differed significantly 
owing to contamination during handling and preparation of specimens. 


Some EFFECTS OF SMALL AMOUNTS OF OTHER METALS ON PROPERTIES 
oF ZINC 


The effects of minor natural impurities in zine on the properties of 
zince-base die-casting alloys, and the powerful influence of other metals 
in partly overcoming these effects, are well known, and need only be 
reviewed here, 

Nearly all modern zinc-base die castings contain aluminum, mag- 
nesium and sometimes copper as principal alloying ingredients. Binary 
zinc-aluminum alloys when pure are highly resistant to corrosion. <A 
few thousandths of one per cent of lead, cadmium, or tin, however, will 
cause severe corrosion of an intergranular type, which results in expan- 
sion or disintegration of the alloy during exposure to warm, humid 
atmospheres. The presence of a few hundredths of one per cent of 
magnesium or certain other metals prevents this corrosion provided the 
impurity contents do not exceed the limits set by the A.S.T.M. Tenta- 
tive Specification for Zinc-base Alloy Die Castings (Table 2). 


TaBLE 2.—Chemical Composition of Zinc-base Alloy Die Castings 
A.S.T.M. Destenation: B 86-38 T 


Constituent Alloy XXI Alloy XXIII Alloy XXV 
Gop ier: per Gelipec seer. salheyas erway anges 5 2.5-3.5 ~| 0.10 max. | 0.75-1.25 
AUMMIMUIN. PEC te seers ao esos «2» ae 3.5-4.5 3.5-4.3 3.5-4.3 
IMigpmesiUm, per CeNthn yee: 8+ is ou 0.02-0.10 | 0.03-0.08 | 0.02-0.08 
Tron, maximum, per cent. #................ 0.100 0.100 0.100 
ieead am axing pemeenteem ie i. ees ie 0.007 0.007 0.007 
Cadmium, maximum, per cent............. 0.005 0.005 0.005 
Psp ARIMA ET CEM sleit-lkeltari-ieei = = 0.005 0.005 0.002 
Zine, per cent...... Aes pe ee cee oe RC remainder | remainder | remainder 


a EE 
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Specimen A2677 Specimen A2678 
Fic. 2.—EpDGE OF COMPRESSION-TEST SPECIMENS TESTED AT 25° C. X 1.5. 


Specimen A2677 Specimen A2678 
Fic, 3.— EDGE OF COMPRESSION-TEST SPECIMENS TESTED AT 130°C.  X 1.5. 
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Specimen A2677 Specimen A2678 
Fic. 4.—EDGE OF COMPRESSION-TEST SPECIMENS TESTED AT Nefay? (Cp, Se 


Specimen A2677 Specimen A2678 : 
Fic. 5.—EpDGE OF COMPRESSION-TEST SPECIMENS TESTED aT 200°C, X 1.9, 
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Magnesium likewise has a powerful influence on the creep strength 
of rolled zinc-copper alloys containing about one per cent of copper. 
An addition of 0.006 per cent of magnesium to this alloy increases its 
creep strength by more than 50 per cent. 

E. A. Anderson, of the Research Laboratories of The New Jersey 
Zine Co., a few years ago carried out an interesting and heretofore 
unpublished investigation on the influence of small additions of various 
metals to zinc on the tendency of the resultant alloys to crack when 
compressed at various temperatures. 

The general procedure used was to prepare the alloy in the form of 


Specimen A2677 Specimen A2678 
Fic. 6.—EpGr OF COMPRESSION-TEST SPECIMENS TESTED AT 225°C. XX 1.5. 


chill-cast cylinders, 7 in, in diameter by 114 in. long, the ends having 
been machined flat and parallel. These cylinders were placed between 
parallel, flat steel plates in a constant-temperature oil bath and com- 
pressed axially until they were one-half or one-fourth as long as before 
compression. The compression speed was 3 in. per minute. Only a 
few of the many specimens tested will be illustrated here. 

In one series of tests, two grades of zinc, with no added alloy additions, 
were compared. The analyses of the actual specimens, after being used 
for compression tests, are given in Table 3. 
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TaBLE 3.—Analyses of Specimens of Unalloyed Zine after Usage in 


Compression Tests 
Oe te Ro 


Analyzed Impurity Content,+ Per Cent by Weight 


i “i Weight Per C 
ee Zunch Diteroncs 
Pb Fe Cd 
A2677 99.999 0.0002 0.0007 0.00005 
A2678 99.989 0.0012 0.006 0.0035 


rh rr OO SSSSSeSeSeSeSeSeseSe 


* No elements other than those reported were detected by the sensitive qualitative 
spectrographie method. 


Specimen A2677 Specimen A2678 
Fig. 7.—EDGE OF COMPRESSION-TEST SPECIMENS TESTED AT 250°C. X 1.5. 
Figs. 2 to 7 show the edges of the cylinders after compression at a 

rate of 3 in. per minute to one-fourth of their original thickness at tem- 

peratures of 25°, 130°, 175°, 200°, 225° and 250° C. 

The edges were considerably roughened and a few minute compression 
cracks (which do not show well on the photographs) appeared on the 
purer grade of zinc, A2677, tested at temperatures of 25°, 130° and 
175°C. At the higher testing temperatures the edges were even rougher, 
but no cracks were evident. The specimens appeared to have developed 
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compression failure cracks during early stages of compression, which 
later healed. In marked contrast, as is clearly evident in the photo- 
graphs, the slightly less pure grade of zinc, A2678, exhibited numerous 


per cent Cu. 
20 grams CrOs;, 
x 100. 


grams Na.SO,, 


a solution of 1.5 


Fic. 9.—SprrcraL High GRADE ZINC ALLOYED WITH 
copPrER. Analyzed 0.0019 


, UNALLOYED. 
Photographed with polarized, oblique illumination. 


per cent Cu. 


Chill cast, metallographically polished, etched 10 sec. with 


100 ¢.c. water. 


Fig. 8.—Sprcrat High GRADE ZINC 
Analyzed 0.0001 


large compression cracks after testing at all six temperatures. It was 
not determined whether only one or more of the impurities present in 
the A2678 zinc was responsible for the observed difference, but since the 
total difference in composition of the two grades of zine was only 0.01 


DISCUSSION ill, 


per cent, the significance of minute amounts of other constituents is 
clearly important. 

A striking example of the effect of a contaminant in an alloying 
element appeared during compression studies on a series of zinc-lead 
alloys containing various amounts of lead up to 1.2 per cent. Unusually 
serious cracking was noted, which later was found to be due to traces of 
bismuth contained in the lead supply. In this instance the bismuth 
content of the lead was 0.02 per cent, and the corresponding bismuth 
contamination of the alloy having the highest lead content (1.2 per cent 
Pb) was only 0.00024 per cent. One alloy of this series, with a calculated 
bismuth contamination of only 0.00006 per cent, was noticeably affected. 

Another example of the remarkable effect of a minor constituent arose 
recently during comparative micrographic examination of Special High 
Grade zine and an alloy of 0.0019 per cent of copper with the same lot of 
metal. A prominent subgrain boundary (dendritic) structure appeared 
in castings of the alloy (Fig. 9) but not in the unalloyed zine (Fig. 8). 
The development of this substructure is apparently a coring effect, but 
it is surprising to find it arising from the presence of as little as 0.0019 per 
cent of copper. The coring presumably is due to the solidus temperature 
of zinc-rich zinc-copper alloys changing only minutely with concentra- 
tion. The substructure is readily effaced by annealing. 


SUMMARY 


A method of preparing spectrographically pure zinc has been described 
in detail. Examples have been given of the influence of minor con- 
stituents, both natural and added, on compression failure of zinc, and of a 
trace of copper on the microstructure of zinc. Attention has been called 
to the influence of magnesium upon the corrosion resistance and creep 
strength of certain zinc alloys. 
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DISCUSSION 


M. G. Corson,* New York, N. Y. (written discussion).—It is of course pleasant 
to know that zine of so high a purity as that described by Messrs. Truesdale and 
Edmunds is now available. Nevertheless, certain statements in their paper (obvi- 
ously not original with the authors) do not seem to tally with the possible facts. 

There is, for instance, the question of contaminations in the die-cast zinc-base 
alloys. It is stated and long accepted by the American Society for Testing Materials 
as a sort of gospel that lead, cadmium and tin do account for severe intererystalline 


* Consulting Metallurgist. 
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corrosion of these alloys. It is well known that the electrochemical differences 
between zine and the metals mentioned are very small—mere hundredths or even 
thousandths of a volt. On the other hand, a great part of the volume of die-cast 
alloy articles is occupied by a very intimate mixture of zine and a high aluminum 
constituent. We do not define the latter more clearly inasmuch as its nature is not 
yet well established. At any rate the electrochemical differences between the two 
constituents of these intimate eutectoidlike mixture must be high, running into at 
least some tenths of one volt. A high electrochemical difference does not necessarily 
imply a high intensity of corrosion phenomena, because its influence may be checked 
by a number of causes. On the other hand, a low electrochemical difference is simply 
unable to start a decent amount of corrosion. Moreover, copper is quite a regular 
element in die-cast alloys and iron cannot be avoided. Both of these must be—from 
the theoretical viewpoint at least—just as bad if not worse than cadmium, lead or tin. 

I foresee the reply that ‘from the practical viewpoint” this is exactly what happens. 
However, I refuse to be convinced. Why? Simply because the influence of these 
three elements was never scientifically reported. The only thing we have as evidence 
of this detrimental influence of these three impurities is hearsay, lest some producers 
of zine or die-casting alloys possess plenty of data not available to the metallur- 
gical fraternity. 

What happens in fact, I believe, is something of this kind: A die-cast article cor- 
rodes. It is analyzed (the sound articles are not) and 0.01 per cent lead is found. In 
a few minutes of time, it is suspected, indicted, convicted and condemned. At another 
time, corrosion occurs and a customer complains. No lead is found but the eager- 
to-serve chemist reports 0.01 per cent cadmium or tin. The procedure is repeated 
and a verdict of guilt is rendered. 

I do not expect anyone to try to convince me, for I am not a prospective buyer 
of die-cast articles, not even in the remotest future, but I would suggest that in the 
interest of truth at least 100 test pieces be produced by die-casting from each of four 
alloys, one pure and three others contaminated with 0.01 per cent cadmium, lead and 
tin, respectively. If then, in a rapid corrosion test, the first series remains practically 
intact, while the great majority (say 90 per cent) of the other three series fail, not 
even a confirmed sceptie could voice his doubts. In the absence of such conclusive 
statistically conducted tests the question of the desired purity must remain open. I 
also doubt the real absence of nonmetallic impurities. Small amounts of sulphur and 
oxygen are extremely difficult to detect and to measure, and a tiny particle of sulphide 
here or there or an incidental film of oxide might account for failure observed in a 
more logical manner. 

These objections cover also the statement by the authors that one sample was 
noticeably affected (on the basis of the mechanical test) because it contained a calcu- 
lated amount of 1/1,500,000 of bismuth. Did the authors look for some other pos- 
sible culprit? 

Incidentally, Fig. 9 cannot show a coring effect, for the amount of copper present 
is really too slight. A more plausible explanation would be the precipitation of a 
phase approximating CuZn, in chains of fine particles along some preferred direction, 
an electrochemical action starting at the contact surfaces of these chains. As a 
parallel case: The presence of as much as 0,002 per cent oxygen in copper produces a 
definite network of lines along the precipitation chains of copper monoxide. 


G. Epmunpbs (written discussion).—In considering the influence of minor con- 
stituents upon zinc and its alloys, five examples have been given. In each ease the 
effects were asserted to have been observed. The detailed information required to 
substantiate these assertions was not given, since to do so would have required 
unwarranted lengthening of the paper. Mr. Corson has objected to two of these 
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assertions, but, as in the original paper, we feel it would be out of place in this dis- 
cussion to supply, as could be done from A.S.T.M. committee reports and private 
data from our own and other laboratories, proof that the influences of impurities on 
the expansion of zinc-aluminum alloys in humid atmospheres are as stated. Proof 
could likewise be furnished for the statement concerning bismuth. 

In regard to Fig. 9, we have stated that the “substructure is apparently a coring 
effect.”’ Mr. Corson says it ‘cannot be a coring effect”’ and supplies what he claims 
is a ‘more plausible explanation,” “the precipitation of a phase approximating 
CuZn;.” Examination of the accepted equilibrium diagram for zinc-rich zine-copper 
alloys should convince one that such an explanation is untenable. 


The Supposed High-temperature Polymorphism of ‘Tin 


By C. W. Mason,* Memper, anp G. E. PE..issier, Jr.,f SruDENT ASSOCIATE 
A.I.M.E. 


(New York Meeting, February, 1939) 


Tin has long been cited as offering a classic example of polymorphism, 
second in repute only to the allotropy of sulphur. The notorious ‘‘tin 
disease,’ which Cohen! has studied so exhaustively in terms of the 
enantiotropic transformation of tetragonal white 6 tin to cubic gray 
a tin, has apparently encouraged the expectation that one or more addi- 
tional polymorphic modifications might exist. The search for confirma- 
tion of this idea has, as might be anticipated, led to the accumulation of 
a body of miscellaneous evidence, much of which would probably never 
have been sought, or taken seriously even by its discoverers, but for 
previous assumptions. 


The ball apparently was started rolling in 1880 by Trechmann,? who reported a 
new modification of tin (v7 tin), which was brittle and found in “hard head,” a highly 
arsenical, slaggy material produced in a certain stage of tin smelting. A mixture of 
two kinds of crystals was obtained from a Cornish tin furnace, and those thought to 
be y tin were studied crystallographically. The results indicated that these crystals 
were rhombic and of different density from the tetragonal tin prepared electrolytically 
by Miller. Their analysis was given as 98.7 per cent Sn, 1.3 per cent Fe, and traces 
of As, Sb, Biand 8S. In 1881 von Foullon‘ obtained similar crystals from a Bohemian 
tin furnace. Headden® examined crystals similar to those of Trechmann and von 
Foullon and reported them to be monoclinic, but of analysis corresponding to stannous 
sulphide. Later, Stevanovic,® by goniometric measurements, proved that these 
crystals of SnS were really rhombic. 

Groth’ pictures and describes both ‘‘rhombic tin” (Fig. 9, vol. 1) and stannous 
sulphide (Fig. 84, vol. 1); their faces and angles correspond within the accuracy of 
measurement, 

Spencer* in 1921 examined the above evidence critically; he found similar erystals 
from Cornish tin furnaces, proved them to be SnS, and even was able to analyze some 
of Trechmann’s original specimens, finding high sulphur content. (Apparently 
Trechmann’s analysis had been based on a second lot of crystals, not described 
crystallographically.) ; 


Manuscript received at the office of the Institute Sept. 20; revised Dec. 14, 1938. 
Issued as T.P. 1043 in Mrrats Tecunowoey, April, 1939. 
a eae Chemical Microscopy and Metallography, Cornell University, Ithaca, 

} International Nickel Company Fellow, Department of Metallurgy, Carnegie 
Institute of Technology, Pittsburgh, Pa.; formerly Graduate Student, Cornell 
University. 

1 References are at the end of the paper. 
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The foregoing represents the sole evidence the authors have been 
able to find for an orthorhombic third modification of tin; the crystal 
system is correct, but the material was undoubtedly stannous sulphide 
and not tin. If there is a third modification of tin, as has been claimed 
on other grounds, the absurdity of calling it orthorhombic should have 
been apparent to the various later investigators who have felt the need 
for a label for a new field in a phase diagram. 

And even if Trechmann had actually found rhombic tin, it is not 
justifiable to assume that this phase would necessarily be the one obtained 
under the conditions of other investigations, or that changes in various 
physical properties necessarily involve or are due to any change in 
crystal system. 


The only other crystallographic evidence for a third polymorphic modification of 
tin is that of von Simson,’ who obtained a hexagonal phase in the course of an X-ray 
study of a series of tin amalgams at room temperature. She states: ‘‘Tetragonal tin 
dissolves less than 2 per cent mercury. Therefore, since the tetragonal lattice dis- 
appears between 6 per cent and 8 per cent mercury, one can conclude that the hexa- 
gonal lattice contains approximately 12 atoms of tin to one atom of mercury,” which 
indicates a Sn-Hg intermetallic compound, but is not, and was not proposed as evi- 
dence of any allotropic transformation at elevated temperature. Guertler! is 
responsible for calling this tin-rich phase a high-temperature modification of tin and 
indicating it on a field of a tentative Sn-Hg diagram, apparently on the basis of six- 
rayed surface patterns on cast tin-rich amalgam reported by Puschin." Later X-ray 
work by Stenbeck” confirms the above hexagonal structure in the range of 6 to 10 
per cent Hg, but neither he, nor Hansen!* in reviewing the work on the Sn-Hg system, 
considers that this is any indication of a high-temperature modification in tin. 


The remainder of the evidence proposed for a third polymorphic 
modification of tin is not crystallographic, but is indirect, being based upon 
discontinuities of various physical properties at elevated temperatures. 


Discontinuities have been observed by various workers at 127°, 120° to 200°, 161°, 
165°, 170°, 175°, 170° to 195°, 186°, 190°, 195°, 200° and 203° C., all of which have 
been proposed as transformation temperatures. y tin is shown in the pressure- 
temperature diagram for tin,!*15 and in many of the binary diagrams with tin*~¥ 
usually at 161° C., although no crystallographic proof, X-ray or microscopical, has yet 
been presented—which is reminiscent of 8 iron, but less defensible. The physical 
properties of ‘‘y tin” are given in the usual sources of chemical and metallurgical 
information, *—? as though it were a phase in unquestionably good standing. 

Tammann?2* concluded that an abrupt decrease in extrusion velocity at 203° C. 
indicated a transformation. 

Tyte*4 considers differences in the fracture and plasticity of tin above and below 
180°, explained in terms of single and double gliding, to confirm Tammann’s 6 > y 
transformation at 203° but Chalmers, in discussion, criticizes the lack of evidence as 
regards purity, orientation, and grain growth, and questions the existence of any dis- 
continuity on the basis of the author’s numerical data. 

Cohen and Goldschmidt?* found that electrolytically prepared tin varied con- 
siderably in specific gravity, depending on the current density used, and concluded 
that such variations are not indicative of the existence of y tin. Furthermore, their 
dilatometric measurements failed to yield any evidence of an allotropic transformation. 
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Degens®* found a discontinuous volume increase at 161° C., under a pressure of 
1 kg. per sq. cm. Matuyama®’ performed a similar experiment, using a differential 
dilatometer and tin of high purity, and found no such discontinuity. 

Smits and de Leeuw,” working with tin amalgams, reported an abrupt change in 
volume, which they attributed to the 6 > y transformation; the transformation 
temperature obtained by extrapolation was 200° C. 

Werner” observed a break in the electrical resistance-temperature curve at 161° C.; 
this observation is not in agreement with the more precise determinations by Matu- 
yama’ and Murphy.* 

Janecke*®! concludes, from a gradual change in the shape of the pressure-time 
(temperature) curve, that tin (purity not stated) undergoes an allotropic trans- 
formation at 186° C. on heating (196° C. on cooling). The experimental procedure 
was similar to that used in obtaining P-7' curves, except that the pressure was uni- 
directional. The melting point as determined by this method was found to be con- 
siderably lower (217° C.) than the accepted melting point of tin (232° C.). 

Smits and Spuyman*? found breaks at 200° C. in the electromotive force-temper- 
ature curves of two thermocouples. Matuyama found no such breaks. 

Travers and Huot®* found a break in the dilatometric curve in the neighborhood 
of 165° C. in certain cases only. Using a calorimetric method (not described), a 
marked discontinuity in the curve was found in some cases at 170° to 171° C.; irregu- 
larity of the appearance of this discontinuity was associated with a difference in 
thermal history of the specimens, without specific explanation. Jaeger and Bottema®! 
found a discontinuity in specific heat and explain it on the basis of a rhombic tin 
existing above 203° C. 

Goodrich* obtained a small, abrupt change in the specific volume of 99.8 per cent 
pure tin near 160° C. Matuyama,?? using an apparatus with a sensibility 400 times 
as great, failed to detect any such abrupt change. 

Goetz,** in photoelectric measurements, found a change in his curve in the region 
180° to 100° C. This effect might well be due to the precipitation of small amounts of 
impurities, or to surface changes on recrystallization or oxidation, to which the photo- 
electric effect is sensitive. 

J. Shinoda** found two breaks at 195° and 175° C. in the differential thermal 
analysis curve, and a weak discontinuity at 203° C. in the electrical resistance- 
temperature curve of tin. 

In an article concerning the allotropy of tin, Tammann" presented a pressure- 
temperature diagram in which rhombic tin was allotted a definite field of stability, 
on the basis of some of the earlier work, already shown to be of doubtful significance. 
Further, he stated that the transformation into rhombic tin can lead to eracks and 
fissures on hot-rolling or pressing. Stolba‘ had previously shown that at about 200° 
tin, like other metals near their melting points, becomes brittle enough to be pulverized 
in a mortar, but Smits” attributed this hot-shortness to a modification stable above 
200°. Greaves and Jones®* found a change of direction of the impact-temperature 
curve (no more marked than in copper at 120° to 200°) at 190°. 

Homer and Plummer, in a recent study of the embrittlement of tin at elevated 
temperatures,** demonstrate the marked influence of very small amounts of impurities 
on the temperature above which brittle fracture occurs. They also confirm the linear 
hardness-temperature relationship previously found by Sauerwald,** in contradiction 


of earlier work by Ludwik.*4 

Whatever the methods of investigation used, it should be emphasized 
that there is a considerable step between the observation of discontinuities 
in physical properties and the interpretation of them as due to poly- 
morphic transformations rather than to other possible causes. Such 
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inferential reasoning might be legitimate, if the existence of a high- 
temperature modification of tin were first actually established on crystal- 
lographic evidence, either microscopical or X-ray. But without such 
evidence any ‘“‘breaks’”’ in the various temperature-property curves, 
even if occurring at similar temperatures, are only more or less unrelated 
observations on samples of different purities; each should be explained 
on the grounds most appropriate to it, rather than to be mustered, often 
in a most haphazard array, as proof of a phase transformation and of 
polymorphism, of which the most inherent and fundamental proof is 
still lacking, 

In addition to the unconvincing character of the evidence for y 
tin already cited, negative experimental results by various workers 
are significant. 


Miigge** was perhaps the first to show that the microscopical structure and twin- 
ning lamellae of tetragonal tin persisted above 161° C., which indicates, but does not 
prove, the nonexistence of y tin. 

Nishikawa and Asahara*® in an early X-ray study of the recrystallization of several 
rolled metals, found no radical change in the diffraction patterns of white tin (purity 
not stated) at high temperatures, and concluded that no transformation occurred. 
Murphy,* using sensitive measuring methods and ‘‘Chempur” tin, found no arrest 
in the heating or cooling curves for tin between 20° and 232° C. Electrical resistance- 
temperature curves over this temperature range also showed no inflections. Hanson 
and Pell-Walpole,“ in agreement with the findings of Murphy, discovered no evidence 
of the allotropy of tin at elevated temperatures. In this laboratory, Forgeng* failed 
to find any evidence of a temperature arrest on heating and cooling samples of struc- 
turally pure tin from 232° C. to room temperature. 

Obinata and Schmid** found unchanged diffraction patterns at about 200°, and 
no indications of polymorphism from studies of the mechanism of extension of single 
crystals of tin, between 20° and 200°. 

The most conclusive research concerning the alleged high-temperature allotropy 
of tin was conducted by Matuyama.”’ The following impurities were reported for the 
tin used: 0.01 per cent Zn, 0.008 per cent Pb and a trace of Cd. No breaks were found 
in: the electrical resistance-temperature curve, the differential dilatation-temperature 
curve, the differential thermal analysis curve, and the thermoelectromotive force- 
temperature curve. Even more convincing evidence of the absence of any high- 
temperature allotropy of tin was provided by the identity of good X-ray powder 
patterns taken at room temperature and at 220° to 223° C. Furthermore, X-ray 
patterns of a 4 per cent Cd alloy (a small amount of cadmium is supposed by some to 
accelerate the transformation to y tin) taken at room temperature and at 152° to 
163° C. were also identical. 

Honda‘! has reviewed this work briefly and pointed out its importance, in an 
attempt to dispel the general belief in the high-temperature allotropy of tin. 

Neuberger,” in a later summary of work on allotropy, also accepts Matuyama’s 
findings as conclusive. 

Homer and Plummer’s review of the evidence regarding y tin®® (which reached 
the present authors just as the final revision of this manuscript was about to be 
mailed) discusses in considerable detail much of the work mentioned above, and shows 
how ‘discontinuities in physical properties can well be due to impurities. The con- 
clusion is positively against the existence of any high-temperature polymorphism. 
ea ea 

* Private communication to the authors. 
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DISCUSSION OF EXPERIMENTAL PROCEDURE 


In an investigation of polymorphism, the primary concern is the 
selection of an experimental procedure that will indicate with certainty 
the presence or absence of a polymorphic change. The following defini- 
tion has been offered by Sosman*? as covering all the generally recog- 
nized cases of polymorphism: 


That quality of a crystalline substance which permits it to appear in modifications 
belonging to different classes of symmetry, or differing in axial ratio or in specific volume 
to a degree not explainable by ordinary thermal dilatation or elastic compressibility 
[or by the presence of foreign atoms in solid solution in the parent lattice]. 


Since the introduction of X-ray analysis, a phase change involving distinct 
and unique lattice patterns has been tacitly accepted as the criterion 
of polymorphism. 

Such a change in lattice configuration is naturally reflected in changes 
in its physical, mechanical, chemical and electrical properties, and a 
study of these properties might be resorted to in a study of polymorphism. 
Unfortunately there are several objections to this method of investigation: 


1. The changes may be of small magnitude and difficult to detect. 

2. Experimental difficulties in measuring these properties at elevated temperatures 
are encountered. Room-temperature measurements may be impossible because of the 
uncertainty of retaining the high-temperature modification by quenching. 

3. One or more of the physical properties of the different modifications of the same 
substance may be nearly equal. 

4. The interpretation of discontinuities in certain property curves is seriously 
complicated by the presence of impurities, and by previous thermal or mechanical 
treatment, grain size and orientation. 

5. The properties may change more or less abruptly without a change in lattice 
pattern. 


X-ray analysis, however, offers a method largely free from these 
objections, since it measures directly the arrangement and spacing of 
the atoms: 


1. Slight changes in lattice symmetry or atomic spacing may be detected. 

2. Studies at elevated temperatures obviate the need of quenching. 

3. Small amounts of impurities result in only a slight change in atomic spacing in 
the parent lattice. 

4, Elastic deformation or differences in grain size result merely in changes in the 
breadth of the lines in the X-ray pattern. 


It follows, also, from the direct nature of the X-ray method that 
negative results are considerably more conclusive than when the indi- 
rect methods are used, for there is always the possibility that a poly- 
morphic change is occurring without appreciably affecting the property 
under investigation. 

It has been stated by Moesveld** that the nonexistence of allotropy 
in a particular case can never be proved, because of possible suspension 
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of the transformation in finite time. Although numerous cases of sus- 
pended transformations are known in metals, the metastable forms exist 
only at rather low temperatures, at which the atomic mobility, and 
consequently the rate of transformation, is low. The temperatures at 
which the 6 — y transformation supposedly occurs in tin are relatively 
high with respect to the melting point and also in view of the fact 
that active grain growth occurs well below 100° C. 

The presence of a certain impurity in solid solution in a given solvent 
metal lattice, in amount exceeding some critical percentage, may cause 
a change in the symmetry of the solvent lattice (intermetallic compound 
formation) at constant temperature or with change of temperature. 
Moreover, it is conceivable that the presence of such an impurity in 
lesser amount than this critical percentage may cause an order-disorder 
change in the symmetry of the lattice at elevated temperatures. Moes- 
veld** claims that, in investigations of allotropy, the purity of the metal, 
within limits, is not important, but Cohen! recognizes the marked influ- 
ence of the amount and distribution of small amounts of impurities 
such as bismuth, as shown by Mason and Forgeng.*® In the present 
investigation it was considered essential to use, both on theoretical and 
practical grounds, only the purest tin available. 

A “powder oscillation,” back-reflection method was used; a beam of 
X-rays impinged on an oscillating massive polycrystalline sample of 
tin and the reflections in the region @ = 75° to 90° were recorded on a 
photographie film. The chief advantage of this method is its sensitivity 
in detecting slight changes in the crystal structure of a metal by means 
of a rather simple apparatus and technique, and with minimum error 
from any inaccuracy of dimensional measurements. Other advantages 
are facility in heating of the sample, and the possibility of measuring 
accurately the temperature of the specimen. 

The resulting pattern resembled a powder pattern, although the 
diffraction rings were nonuniform in intensity and some were incom- 
plete, owing to the large grain size of the sample. This was not objec- 
tionable, because the intensities were not utilized and the diameters 
of the rings could still be measured with sufficient precision. 

Chill-cast unworked specimens were used, but it was evident from 
the high-temperature photographs and from visual examination that con- 
siderable grain growth (resulting in fewer reflections) did occur during the 
8-hr. heating interval. For this reason, newly cast specimens were 
necessary for each run at the higher temperatures. The number of 
reflections observed at these high temperatures was considered sufficient, 
however, to indicate any change in the crystal structure, since it is 
impossible to imagine any change in symmetry or axial ratio that would 
leave unaltered the markedly different high-index planes represented. 

A film of palm oil (used in hot-tinning), on the face of the specimen 
exposed to the X-ray beam, served as adequate protection of the metal 
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against oxidation, without decomposing seriously or impairing the 
intensities of the diffracted X-rays by absorption or scattering. 

It was found that 200° C. was the maximum temperature to which 
the front face of the specimen could safely be raised without danger of 
melting the portion of the specimen inside the furnace, owing to the 
existence of a temperature gradient. 


EXPERIMENTAL PROCEDURE 
X-ray Diffraction Experiments 


Material.—Structurally pure tin, previously prepared electrolytically 
by Forgeng*® in this laboratory, was used.* As far as the authors know, 


a Oil heater 


Thermocouple 


Furnace leads 


Fic. 1.— DIAGRAM OF CAMERA. 


this is the purest tin available. It is free from the microstructure 
common to all commercial and reagent grades of tin. A previous spectro- 
graphic examination showed that this tin contained small amounts 
of copper, lead and iron. The ‘“Chempur” tin used for comparison 
purposes was the Standard Sample 42B of the Bureau of Standards, 
of analysis: bismuth, 0.0035 per cent; copper, 0.0017; lead, 0.0035; iron, - 
0.0017; antimony, 0.0018. Sulphur, arsenic and zine not detected. 

Preparation of Specimens.—The tin was melted in a beaker under 
palm oil and was poured, at a temperature of 300° C., into a cold, split 
graphite mold. The mold contained a cylindrical cavity 3 in. deep and 
546 in. in diameter, conical at the top end. A thermocouple was arranged 
in the mold, prior to pouring, so that it would be cast into the metal, 
with the junction about 1 mm. below the surface of the solidified meniscus. 

The surface of the meniscus was ground flat successively on metallo- 
graphic emery papers Nos. 1, 0, 00 and 000. <A small furnace was then 
constructed around the stem of the specimen, using asbestos paper and 
6 ft. of No. 28 enameled chromel wire as the heating element. 


* Prepared by electrolysis of a solution of 250 grams C.P. SnCle-2H, (Baker or 
Kahlbaum) in 1000 c.c. of water containing 10 c.c. concentrated HNO;. This method 
is used by Cohen and his coworkers in their recent investigations. ! 
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Apparatus (Fig. 1).—The source of X-rays used in this investigation 
was a gas-discharge tube of the self-rectifying type, equipped with a 
copper target. The tube was operated at.a voltage of 40 kv. and an 
amperage of 20 ma. A filter was omitted to shorten the exposure. The 
back-reflection camera used, except for the oscillation mechanism, was 
similar to the conventional type.“ 

Because of the heating element and thermocouple leads, a rotation 
through 360° was not feasible; 110° oscillation by means of a 1-r.p.m. 
synchronous motor was used. A thrust bearing insured a constant 
distance of 3.0 cm. + 0.5mm., from film to specimen. The specimen was 
supported at one end in a chuck equipped with three set screws. 

The X-ray film (5 by 7 in.) was enclosed in a light-tight black paper 
envelope. The film was attached to the back of the camera by means of a 
nut fitted to a threaded projection of the collimating tube, which pro- 
jected through a hole in the film. It was found that cooling of the film 
during the high-temperature exposures was not necessary. 

A film of palm oil was supplied continuously to the face of the speci- 
men by means of a woolen wick, in contact with the beveled edge of the 
specimen face and carried in the drawn end of a vertical glass tube 12 in. 
long and 14 in. in diameter, in which the oil was preheated to the temper- 
ature of the specimen. 

The temperature of the face of the specimen was measured to about 
0.2° C. by means of a calibrated iron-constantan thermocouple (No. 28 
wire) and potentiometer. Actual temperatures at the face of the 
specimen were checked by means of organic compounds of known melting 
points, and found to correspond with the readings from the thermocouple, 
within the constancy of temperature maintained. 

Procedure.—X-ray exposures were made with the specimen at the 
following temperatures: 25°, 80°, 100°, 150°, 180° and 200°, respectively. 
Temperature readings were taken every 15 min. in the high-temperature 
runs, and the fluctuations were found to be only +1 to +38° C. 

From measurements of the diameters of the rings in the resulting 
X-ray patterns, it was possible to compute the values of the interplanar 
spacings corresponding to these reflections, in the conventional way. 
These reflections were then identified by comparing the observed values 
of the interplanar spacings d with similar values calculated from the 
known lattice constants of 6 tin, a = 5.8195, c = 3.1750.* 

Results —The left-hand column of Table 1 gives the calculated values, 
excluding those which structure factor calculations showed to be of zero 
intensity. The quantitative data appear in Table 1. 

The results shown by way of illustration in the table are all based 
on single runs, the same specimen being used at various temperatures 
until its grains grew too coarse. Duplicate runs with other specimens, 
especially at the higher temperatures, gave fewer lines, but in each one 
of the patterns the diameter of at Jeast one diffraction ring (usually more 
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than one) could be measured directly and used to check the radii of 
incomplete rings appearing in the same pattern. 

All of the observed reflections, without exception, were positively 
identified as reflections derived from the known lattice of tetragonal tin. 
The intervals between the calculated values of d were large enough, and 
the accuracy of the observed values great enough, to show real, and not 
merely probable, coincidence. Moreover, it was found that for all 
observed reflections the structure factor was greater than zero, and that 
no reflections appeared for which the structure factor was zero. 

Most of the K, reflections theoretically possible, in the region studied, 
were observed in one or another of the X-ray patterns obtained. A few 
Kg reflections were observed because of the absence of a filter in the path 
of the X-ray beam. Their presence was incidental, although they made 
possible the identification of certain planes having K, reflections outside 
of the back-reflection region investigated. 

Because of the high resolving power in this region, the K, doublet 
appeared as two separate and distinct rings (K., and K,,). 

Discussion of X-ray Results.—The results of several runs at 25° C. 
indicated that the procedure gave values of the interplanar spacing, for 
any specific plane, which were consistent and in agreement with those 
calculated. No measurable changes in the interplanar spacings occurred 
at any temperature from 25° to 200° C. This means, of course, that no 
change in the symmetry or axial ratio of the tetragonal tin lattice had 
occurred in this temperature range. This is considered as positive and 
conclusive evidence of the nonexistence of an allotropic transformation 
of tin between 25° and 200° C. 

The present results are in agreement with the X-ray findings of 
Nishikawa and Asahara,*®® Obinata and Schmid,*® and Matuyama,” 
but are considered, because of their quantitative nature, to be of con- 
siderably more significance in proving that tin undergoes no high-tem- 
perature transformation. 

In spite of the slight difference in purity between the structurally 
pure tin and the Chempur tin, the results obtained in the two cases were 
identical, and demonstrate that Chempur tin, which is generally used in 
metallographic investigations of tin, likewise undergoes no transformation 
at elevated temperatures. 

The interplanar spacings did not change appreciably with tempera- 
ture. Calculations indicate that the changes would be within the limits 
of the experimental variations. This in no way affects the conclusions 
drawn above, because any changes resulting from a transformation would 
certainly be of a different order of magnitude. 


MicroscoPicAL EXAMINATION AT ELEVATED TEMPERATURES 


The structurally pure tin, previously described, was melted in a beaker 
under palm oil and poured out on a cold alberene table top, where it 
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solidified immediately. Buttons with a bright meniscus (1 in. or more 
in diameter and !¢ in. thick) were obtained, in a number of attempts, 
which were smooth and free from oxide or other serious surface imperfec- 
tions. Because of the purity of the tin and the rapidity of cooling, the 
usual ‘‘sink-head’”’ was not present. 

A calibrated iron-constantan thermocouple was cast in the specimen 
at the time of pouring. 

Protection of the meniscus surface against oxidation at elevated 
temperatures was effected by means of a drop of palm oil pressed out 
under a cover glass on this surface. At temperatures above 50° C. the 
palm oil exerted a mild etching effect on the metal surface; it was possible, 
therefore, to follow the progress of grain growth and to detect, by con- 
tinuous etching, any microstructural changes that might be occurring at 
elevated temperatures. 

Apparatus.—The specimen was heated on an electrical hot stage. 
The temperature of the specimen was controlled, and measured and 
checked at its surface, by the methods used for the X-ray studies. 

The specimen was observed by means of an upright metallographic 
microscope, and photographed by a Makam camera (Leitz). 

Procedure and Results.—The specimen was first heated to about 40° C. 
in order to melt the palm oil and drive off water and air present in the oil. 
At this temperature, photomicrographs were taken of several locations 
on the surface of the specimen. The temperature was then raised slowly, 
during a period of 1 hr., to 200° C., with the specimen under constant 
observation. No change in microstructure, other than normal grain 
growth, was detected. In order to eliminate the possibility of a sus- 
pended transformation, the specimen was held at about 200° C. for 8 hr. 
Frequent observations during this period indicated that grain growth 
was proceeding normally, and that otherwise the microstructure of the 
specimen remained unaltered. At the end of this 8-hr. heating interval, 
photomicrographs were taken of the identical locations photographed | 
at 40° C, 

Discussion of Results—The original cast surface of the specimen was 
smooth, and the grain boundaries were well defined. The high-tempera- 
ture photographs showed that no roughening of the surface, such as 
would be expected if any discontinuous volume change, due to a trans- 
formation, occurred during the prolonged heating interval. In many 
fields absolutely no change in the microstructure occurred on heating, 
even to incipient melting. 


GRAIN GROWTH ON ANNEALING WITHOUT DEFORMATION 


The fact that unworked cast pure metals rarely if ever exhibit grain 
growth on heating is rather generally accepted.** Even when the speci- 
men was handled so as to avoid the slightest deformation, grain growth 
was noted in some fields; it could be observed at temperatures well 
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below 100° C., if time was sufficient. It is possible that trapped cooling 
stresses, accentuated by the tetragonal character of tin, were responsible. 
The grain growth did not indicate any new type of structure, but its 
existence might well be expected to encourage nucleation or development 
of any possible polymorphic modification at the grain boundaries, and to 
guarantee the absence of any ‘‘suspended transformation on a rising 
heat” if such could be conceived to exist. 


SUMMARY 


1. No valid crystallographic evidence exists for rhombic or any 
other y tin. 

2. Discontinuous changes in physical properties with temperature are 
not proof of polymorphism. 

3. Careful investigations, based on X-rays and physical properties, 
have failed to find any evidence for y¥ tin. 

4. Back-reflection powder X-ray photographs of pure tin, at several 
temperatures between 25° and 200°, and at atmospheric pressure, show 
no indication of any structure but that of tetragonal @ tin. 

5. A simple apparatus for taking these photographs is described. 

6. Microscopical observation at temperatures up to the melting point 
reveals no structural changes except grain growth. 

7. Grain growth occurs, at temperatures well below 100°, in cast tin 
carefully protected from any external deformation. 
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DISCUSSION 
(B. W. Gonser presiding) 


C. kK. Homer anp H, Ptummer,* Greenford, Middlesex, England (written discus- 


sion).—We are interested to see that the X-ray work described in the paper by Messrs. 
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Mason and Pellissier has confirmed the absence of polymorphism in tin at elevated 
temperatures, since we had previously come to the same conclusion from rather more 
indirect evidence (ref. 52). It is unfortunate, however, that the authors’ X-ray 
experiments could be carried only up to 200° C., since a few papers report change 
points at slightly higher temperatures. We feel certain from the evidence now avail- 
able that y tin does not exist, but if the present work was intended to settle the ques- 
tion permanently, it should have covered a temperature range greater than that in 
which transformations have been recorded. As it is, the result is less conclusive than 
the earlier X-ray investigation of Matuyama, who worked up to 223° C, 


G. Drrece,* Pittsburgh, Pa. (written discussion).—I want to emphasize the need 
for this investigation. In listing the standard references that accept gamma tin, the 


authors have left untrodden a good many rather prominent toes which were definitely 


in the path. The contemporaneous presentation of this paper and that of Homer 
and Plummer, to which the authors have referred, should impress serious metallurgists 
with the fact that at present there is no valid evidence for the existence of gamma tin. 

It is regrettable that time limitations prevented the extension of the X-ray study 
to the temperature range between 200° C. and the melting point. However, the 
microscopic examination, coupled with the work of Homer and Plummer and the 
other experimental evidence presented from the literature, places the burden of proof 
on the side of those who propose to explain their troubles with gamma tin. The tin 
research being conducted in the Metals Research Laboratory at the Carnegie Insti- 
tute of Technology has not disclosed any phenomena that would indicate a high- 
temperature transformation in tin. This statement includes some recent work which 
has been done with material of a somewhat higher purity than that used by the authors. 
This tin. is thought to be at. least six nines pure and has been described elsewhere in 
these meetings. 


C. W. Mason (written discussion).—The authors fully realize the desirability of 
obtaining X-ray data in the range 200° to 232° C. The gradient in the furnace was 
such that the heated portion of the sample melted if the surface temperatures were 
raised much above 200° C.. If a suitable source of vertically incident radiation had 
been available, the surface of the specimen could have been studied up to incipient 
fusion, as was done microscopically. 

The significance of this latter evidence might be emphasized, for it proves the 
absence below the melting point of any polymorphic transformation of a sort involving 
a visible change in grain structure. Longitudinal sections of the X-ray specimens, in 
which a gradient up to the melting point had been maintained for 8 hr. or more, also 
showed no indication at any point of structural changes other than grain growth. 


* Metals Research Laboratory, Carnegie Institute of Technology. 


Studies upon the Corrosion of Tin, [1—The Effects of Other 
Anions in Carbonate Solutions 


By Gersarp Deran,* Junior Member A.I.M.E., anp Harotp Marxus* 


(Detroit Meeting, October, 1938) 


Tue introductory paper! of this series described the potential behavior 
of tin in sodium carbonate and bicarbonate solutions whose pH ranged 
from 8.4 to 11.2 and demonstrated that significant and reproducible 
results could be obtained by proper attention to experimental technique. 
In examining the corrosion of tin under such conditions, it is desirable to 
know the effects of anions, aside from carbonate, that are likely to be 
present in commercial materials packaged in tin. Therefore, in this 
paper the potential behavior of tin in carbonate solutions to which sodium 
fluoride, chloride, bromide, iodide, sulphate, nitrate, monobasic phos- 
phate, dichromate, perborate and acetate have been added will be 
described. For most of the additions, solutions containing 0.001 and 0.01 
moles of the added material were studied. The experimental procedure 
was exactly the same as that described in the first paper; the pH of the 
electrolyte was controlled by adjusting the ratio of carbonate to bicar- 
bonate as follows: 


pH 
O.0Mi NaH @ Oss. cine lace reticence one eeren te are nee 8.4 
2 parts 0.1 M NaHCoOs,, 1 part 0.1 M NasCOQs3................. 9.5 
1 part 0.1 M NaHCoO;,, 2 parts 0.1 M Na,CQ3................. 10.0 
Opa M NazCO3 S78 sb TDeNK Sau oie: 0 {OKs te, eke Le leie raxtects acd Shea ase rake ab Ri De eee LIZD 


The reagents used were all of C.P. grade. 

The anions studied may be divided into three groups: (1) anions that 
had little or no effect upon the potential curves—sulphate, nitrate, and | 
acetate; (2) those that helped to prevent corrosion at low pH only— 
fluoride, chloride, bromide, and iodide; (3) those that helped to prevent 
corrosion at high pH also—phosphate, perborate, and chromate. 


PoTEeNTIAL MiBAsuREMENTS |} 


The time-potential curves representative of group 1 are shown in 
Fig. 1. These are the curves for 0.005 M sulphate ion and their similarity 


Manuscript received at the office of the Institute July 11, 1938. Issued as T.P. 991 
in Merats TEcunooey, January, 1939. 

* Metals Research Laboratory, Carnegie Institute of Technology, Pittsburgh, Pa. 

1 References are at the end of the paper. 

} As in the first paper, all potential values are referred to a saturated calomel 
cell as zero, with noble metals like silver negative; i.e., increasing positive values 
indicate a greater tendency to corrode. 
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to the curves for the corresponding pure carbonate solutions without 
added ions is very marked (refer to Fig. 4 in the first paper'). With apH 
of 10 or less, there is more tendency for the potential to fall with time 
than in the sulphate-free solutions, but this is not a major effect. The 
curves of Fig. 1 are also representative of the action of the other ions of 
group 1, nitrate and acetate. 


AO HO WA {xO _ 2010 


Time In Minores 
Fic. 1.—TIMg-PoTENTIAL CURVES IN PRESENCE OF SULPHATE ION. 
0.005 M Na.SO, added to carbonate solutions of the pH indicated. 


The curves of Fig. 2 for 0.01 M chloride ion show exceptional passivity 
in solutions with a pH of 9.5. This was entirely unexpected, since earlier 
experiments in 0.001 M chloride solutions gave no indications of such an 
effect. The curves for fluoride, bromide and iodide are similar to those 
for chloride, though the passive tendency at pH 9.5 is not so marked. 
The fluoride, bromide and iodide ions also differ from chloride ions in that 
their passivating effect becomes apparent in 0.001 M solutions. Typical 
curves demonstrating these features are shown in Fig. 3. The protective 
action of the chloride ion will be discussed more completely in a later 
section of the paper. 

The time-potential curves for phosphate, perborate and chromate ions 
are shown in Fig. 4, and it is apparent that even in solutions with a pH 
of 11.2 the 0.01 molar solutions of these ions have a marked tendency to 
lower the activity of the metal; in fact, even 0.001 molar chromate has 
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Vours 


(ENG E MEK, 


HO) HOP RO TeX 0) ONO. 


Time In Minutes 
Fic. 2.—TIME-POTENTIAL CURVES IN PRESENCE OF CHLORIDE ION. 
0.01 M NaCl added to carbonate solutions of the pH indicated. 


TaBLE 1.—Weight Loss of Pure Tin in Carbonate Solutions 


Sample No. Solution pH Days Immersed Weighs ieee 
15 0.1 M Naz2CO; 9 0.0449 
16 0.1 M Na2,CO; aS Py 9 0.0403 
17 0.1 M Na2COs; 9 0.0448 
19 2:1 CO3;7:HCO;— 9 0.0188 
20 2:1 CO;":HCO;— 10.0 9 0.0204 
21 2:1 CO3;=:HCO;— 9 0.0172 
10 0.1 M Na2CO; 15 0.0593 
12 0.1 M NazCO; Le 15 0.0592 
13 0.1 M Na.CO; 15 0.0576 
18 2:1 CO3;":HCO;— 15 0.03438 
23 2:1 CO;-:HCO;— 10.0 15 0.0330 
28 2:1 CO;7:HCO;— 15 0.0285 
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some influence at this pH. The sample of 0.01 M perborate solution at 
first became passive at a pH as high as 11.2, but after 4 hr. the normal 
potential for this alkalinity was reached. To all appearances the 
protective action was due to a film of oxygen on the surface of the speci- 
men, and the protection vanished when the excess oxygen of the perborate 
was used up. Of the ions studied, chromate and phosphate are the only 
ones that permanently diminish the tin potential in such strongly alka- 
line solutions. 


0.001 M CI~ 


EMF In Voters 


0.00/M BR- 


HO) 0) rh) ff XO) FROXO) 


Time In Muwnuores 
Fic. 3.—TIME-POTENTIAL CURVES IN PRESENCE OF HALIDE IONS IN CARBONATE 
SOLUTIONS WITH PH oF 9.5. 


WEIGHT-LOSS EXXPERIMENTS 


To supplement the potential measurements, weight-loss studies were 
made in the series of carbonate solutions. The specimens were prepared 
exactly the same as for the potential work, except that they were rolled to 
a thickness of 0.5 mm. and cut into rectangles 7 by 2.5 sq. cm. One end 
of the weighed sample was rolled around a Pyrex rod, which was rested on 
top of a 100-c.c. beaker and held in place with beeswax so that a surface 
10 by 2.5 sq. cm. was exposed to the solution. These beakers were placed 
in large glass containers, similar to those in which the potential measure- 
ments were made. Air, cleaned as for the potential measurements, was 
drawn through each container, and then they were sealed and placed in a 
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0.0/M H,PO, PHIL | 
0.00) M CRO, PH10.0 | 


0.00/M CreQ PH8.4 : 
: 0.001 MCG, 


E.M.F In Voirs 


0.01/M BO, PH&4 


LOL COMM 2OGICOM 200 


Time In Minutes 
Fic. 4.—TIM&-POTENTIAL CURVES IN PRESENCE OF PHOSPHATE, PERBORATE, AND 
CHROMATE IONS. 
Typical curves are shown for 0.01 and 0.001 M additions of these ions. 


Wercxr Loss In Mc/Du? 
% 
N 
9 


0 /0 20 30 40 


Time In Days 


Fie, 5.—WEIGHT-LOSS CURVES FOR PURE TIN, SHOWING DEPENDENCE UPON PH IN 
CARBONATE SOLUTIONS 
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constant-temperature room at 25.8 + 0.2° C. At chosen intervals of 
time, samples were withdrawn and cleaned for weighing by making them 
cathode for a few minutes in a 0.1 M Na:CO; solution, using a platinum 
anode and an e.m.f. of about five volts. Three samples of a kind were 
removed at a time. Typical data are shown in Table 1. The generally 
good agreement, as well as the reproducibility of the potential measure- 
ments, made additional samples seem unnecessary. After 45 days, no 
weight loss could be detected in the bicarbonate solutions (pH 8.4). 
Graphs showing weight loss against time are given for the higher pH solu- 
tions in Fig. 5. 

It is significant that the weight-loss results correspond to those that 
would be predicted from the potential measurements alone. This is also 
true for the other conditions under which weight-loss measurements have 
been made, examples of which are given in the next section of this paper. 


EFFECTIVENESS OF PROTECTIVE FILMS 


The potential behavior of 0.01 M chloride solutions of pH 9.5 has led to 
some interesting exploratory experiments. The most likely explanation 
of the protection this solution gives the tin is the formation of an insoluble 
oxychloride film. The formation of such tin compounds is familiar to 
analytical chemists, and Scholder? has shown that in general the stability 
of amphoteric metal hydroxides such as Sn(OH), is increased when the 
hydroxyl ions are partly replaced by chloride. Bryan* showed that the 
corrosion of tin in citric acid is retarded by the addition of 2 per cent NaCl, 
and that this effect is more pronounced when the samples have not been 
freshly abraded. Some experiments were therefore designed to develop 
oxychloride films and observe their behavior. 

One set of samples was allowed to stand in a solution of 0.01 M Cl" in 
carbonate with pH 9.5 for 24 hr. The potential behavior of this electro- 
lyte is shown in Fig. 2. These were then transferred to various carbonate 


TaBLE 2.—Stability of Oxychloride Films 
(Formed by immersing samples for 24 hr. in a carbonate solution with pH 9.5 which 
was 0.01 M with NaCl.) 


Electrolyte pH Result 


1. 0.1 M NaHCO; + 0.01 M NaCl 8.4 Remained passive for 81 days.¢ 
2. 2:1 CO;-:HCO;- + 0.01 M NaCl 10.0 | Remained passive for 16 days.¢ 
3. 0.1 M Na.CO; + 0.01 M NaCl Wal.) Became active after 100 min. 

4. 0.1 M NaHCO; 8.4 Remained passive for 74 days.* 


« Experiment discontinued at this time. 


electrolytes and their potentials followed. The results are tabulated in 
Table 2, and show that films formed in such a manner are stable in a pH 
range from 8.4 to 10.0. 


300 STUDIES UPON THE CORROSION OF TIN, II 


A set of 10 samples cut from a commercial tube alloy, about 1 per cent 
copper, was kept for 90 days in individual beakers containing the electro- 
lyte 0.01 M Cl- in carbonate with a pH of 9.5, using the technique 
described in the preceding section. At the end of this test no visible signs 
of corrosion were evident, and no weight loss could be detected. Without 
cleaning, five of these were transferred to solutions with a pH of 11.2 and 
the other five to a pH of 8.4, and after 136 days no evidence of corrosion 
has appeared in any sample. 

Additional weight-loss experiments have been made with Chempur tin 
in solutions with a pH of 11.2 containing 0.01 M NazCr.0;. After 50 
days of immersion, no evidence of corrosion has appeared. Preliminary 
weight-loss tests in carbonate solutions containing phosphate indicate 
that this ion does not offer as much protection as chromate. 

These tests indicate that the films produced in 0.01 Cl solutions with a 
pH of 9.5 and in 0.01 NazCr.O; solutions with a pH of 11.2 have the 
characteristics of thinness, tenacity, permanence, and complete coverage, 
which are required for satisfactory protection. 


CONCLUSIONS 


There are some rather striking observations to be made from the data 
given in this paper. It is generally known that tin is corroded in alkaline 
solutions, whereas it is comparatively resistant to corrosion in nearly 
neutral solutions (see Fig. 4 of the first paper). However, it is significant 
that in carbonate solutions small amounts of foreign anions all tend to 
lessen this corrosion tendency, or at least have no deleterious effects, if 
the pH can be kept below 9.5. Experiments in nearly neutral solutions 
of 0.1 M alkali salts of a large number of acids led T. P. Hoar‘ to the same 
conclusion, though his conditions were somewhat different because he 
studied the salts individually rather than in the presence of carbonate. 
At a pH of about 10.0 the foreign anions have a very slight effect, except 
phosphate, perborate and chromate. This indicates that some attention. 
to the pH of carbonate products should lengthen package life, and that 
often harmless additions of some anion can be made that will actually 
afford a large measure of protection. These studies indicate that protec- 
tive films may be formed in halide, chromate, perborate, and phosphate 
solutions, and further experiments investigating the possibilities of these 
films are now in progress. The marked similarity in behavior of the 
halide ions has also been noted. 


SUMMARY 


1. Time-potential curves have been made for sodium fluoride, chloride, 
bromide, iodide, sulphate, nitrate, phosphate, chromate, perborate, and 
acetate, in concentrations of 0.001 and 0.01 moles per liter in carbonate 
solutions with a pH range from 8.4 to 11.2. 
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2. Weight-loss measurements in selected cases from the solutions 
mentioned were of the order predicted by the potential measurements. 

3. Films developed in 0.01 M chloride solutions with a pH of 9.5 
and in chromate solutions provide appreciable protection against alka- 
line corrosion. 
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The Plastic Flow of Metals 


By C. W. Mac Grecor,* Memper A.I.M.E. 
(Detroit Meeting, October, 1938) 

THE observation of the flow layers, or Liiders’ lines, produced in mild 
steel when it is stressed into the plastic range often provides considerable 
useful information for the study of the fundamental mechanism of the 
plastic flow of metals. It is a commonly observed fact that as soon as 
the upper yield point in a mild-steel tensile-test bar is passed, an unstable 
condition develops in the equilibrium, the load on the testing machine 
drops and if the surface of the bar contains a thin mill scale, the latter 
begins to flake off rapidly along certain “‘lines.”” These ‘‘lines’’ are in 
reality traces of wedge-shaped flow layers and are formed by the inter- 
section of the surface of slip and the surface of the bar. The average 
plane of the flow layer itself has been found by various experimenters 
to be inclined at an angle of approximately 45° to the axis of the test bar. 
In a body of more complicated shape stressed in possibly a different man- 
ner, the tangent planes to the flow layers at each point seem in many 
cases to be inclined at an angle of about 45° to the principal stress direc- 
tions at the point. As examples of the latter may be mentioned the 
logarithmic spirals obtained when a rivet hole is punched in a thin plate, 
or when a tube is subjected to internal pressure only, ete. Hence if the 
flow layers are observed from an experiment, the shear-stress trajectories 
—the curves indicating the directions of the maximum shearing stresses 
in the body—may then be approximately determined. Since the latter 
curves form an orthogonal family inclined at 45° to the principal stress 
directions, the family of principal stress trajectories, or the curves 
indicating the directions of the principal stresses, may be thus obtained. | 

Although the discontinuous type of stress-strain curve at the yield 
point is commonly observed with test bars of mild steel, more recent 
experiments have shown that this is by no means the only material 
exhibiting this interesting phenomenon. A similar effect has been 
observed in zinc and cadmium crystals, by Becker and Orowan;! in 
duralumin and other aluminum alloys, by Dawidenkow,? Elam,’ Fell‘ and 
others; in copper and copper-alloy crystals, by Elam;5 in brass by Elam;> 
in brass wires by deForest;° in higher carbon steels, tungsten steel, and 

Manuscript received at the office of the Institute Sept. 7, 1938. Issued as T.P. 
1036 in Merats TEcuNoxoey, April, 1939. 

* Associate Professor in Mechanical Engineering, Massachusetts Institute of 
Technology, Cambridge, Mass. 

1 References are at the end of the paper. 
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nickel steels at certain temperatures and straining speeds, by Yuasa,’ 
and in single crystals of iron, by Gensamer.’ Some of these materials 
showed successive He werotuous yieldings when tested with very precise 
equipment for certain temperatures during the entire yielding range from 
initial plastic flow to fracture. This has led some investigators recently 
to the conclusion that possibly all plastic flow occurs in a stepwise dis- 
continuous manner and that this type flow is not restricted to mild steel 
alone. Indeed, flow layers have also been observed in many of the above 
mentioned materials, which have a similar appearance to those obtained 
in mild steel. 

It is then apparent that studies of the mechanism of plastic flow will 
throw considerable light on the entire field of plastic flow if carried out on 
mild steel, in which flow layers are easy to produce. 

The reasons for this discontinuous behavior in yielding do not seem 
to be entirely clear at present. Certain theories have been advanced to 
account for the phenomenon of the upper and lower yield points in mild 
steel and the subsequent flow process. Among the easiest to visualize is 
that suggested by Nddai,’ in which the individual crystals of the aggregate 
are supposed to be encompassed by thin layers of cementite forming a 
brittle skeleton framework around the soft ferrite grains. As soon as the 
upper yield load is reached, the framework is considered as collapsing, 
owing to a local stress-concentration, and transferring the load to the soft 
ferrite crystals, which immediately yield plastically. This hypothesis has 
recently been critisized by Fell* and others on the basis that flow layers 
and an upper yield point continue to exist for materials in which such a 
cementite boundary is almost negligible in size. Fell attributes the 
formation of such localized layers solely to the properties of the alpha 
iron crystal and to small crystal size. It appears, however, that the 
explanation suggested by Nddai is still the best one. 

The flow layers obtained under different stress conditions have been 
observed in the past by various means. One of the most widely used 
methods is the flaking off of some brittle substance on the surface of the 
bar, such as mill scale, whitewash, rosin varnish, etc. These methods 
have the common disadvantage that they do not reveal the entire plastic 
flow. In addition, they do not show the three-dimensional character 
of the flow at the surface. Actually the layers either project above or 
below the surface of the metal. The Fry etching method” is valuable 
in that it enables one to determine the type of flow inside the surface 
of the metal; as, for example, in a twisted shaft. So far, however, the 
Fry etching procedure has been limited to mild steels of the proper 
nitrogen content. Perhaps the most general method from the point of 
view of applicability to different materials, without the disadvantages 
of the other procedures mentioned, consists in observing the flow layers 
on the highly polished surfaces of the metal. However, in order to 
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properly observe the layers on a highly polished surface, use must be 
made of suitable optical equipment utilizing reflected light. For this 
purpose, a few years ago Dr. A. Nddai and the writer designed a special 
apparatus!! whose function was the observation of samples that had 
already been tested. This apparatus was used solely to photograph or 
observe tested specimens at either natural size or with a small magnifica- 
tion, observations being made on the ground glass of the camera. 

This paper describes a new apparatus, recently developed, which con- 
siderably extends the field of application of the earlier equipment, and 
discusses the test results obtained. 


Tue New PLASTISCOPE 


In order to reveal the plastic flow that appears on the highly polished 
surfaces of metal when stressed into the plastic range, a new special 
optical equipment hereinafter referred to as the Plastiscope was designed, 
in which a special system of reflected light was used. The new equip- 
ment was so constructed that it is now possible to use it for: (1) projection 
of the image of a tested specimen on a lecture-room screen to large 
magnification, (2) taking still photographs at small or large magnifica- 
tion, (3) revealing the plastic flow on a test piece continuously as it occurs 
during testing by easily moving the equipment to a testing machine and 
observing the image in a large ground glass [30 by 50 in.]| to considerable 
magnification and without the necessity of darkening the room, (4) show- 
ing the plastic flow continuously and in detail in such processes as the 
rolling of metals, (5) taking motion pictures of the plastic flow process 
continuously. As far as the author is aware, no reported attempts have 
been made to record in motion the plastic flow layers as they form on the 
highly polished surfaces of metals. Although the lens system is funda- 
mentally the same as in the old equipment, the range of usefulness of the 
apparatus has thus been considerably extended. 

Fig. 1 shows the Plastiscope in position at a testing machine, indicat- 
ing the setup used either to observe the plastic flow taking place or to 
make motion pictures of it continuously. The testing machine is shown 
at the extreme right side of the picture with a small rectangular com- 
pression-test specimen in place, which is being tested. A large duralumin 
hood covers part of the still camera in order to exclude stray light and the 
image of the specimen may be seen on the adjustable ground glass placed 
near the rear of the hood. The height of the bench is adjustable through 
wide ranges in order to fit various testing machines for tension or compres- 
sion tests. A motion picture camera is placed back of the ground glass 
at the extreme left of the picture. During the tests this camera was 
focused on the specimen image on the ground glass and continuous records 
made of the entire flow process from start to finish. Supersensitive 
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16-mm. panchromatic film was used throughout the tests. The camera 
speed was 8 frames per second at f 3.5. 

Fig. 2 shows a close-up view of the lens system used. This follows 
somewhat closely the so-called Toepler Schlieren method,!2 which 


Fic. 1.—PLASTISCOPE SETUP FOR TAKING MOTION PICTURES OF PLASTIC FLOW IN A 
COMPRESSION TEST PIECE. 
Fic. 2.—CLOSE-UP VIEW OF LENS SYSTEM USED IN F ia. 1. 


normally is used in observing the changes in refractive power of trans- 
parent bodies such as lenses. The light proceeds from a 500-watt tube 
lamp through condensers and a water cell for cooling to a right-angled 
prism, where it is bent nearly parallel to the axis of the still camera. It 
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then passes through a double convex lens in front of the test specimen, 
is reflected by the surface of the test piece back through this lens and then 
into the lens of the still camera, where the image of the specimen is trans- 
ferred to the ground glass at the rear of the hood. Since this lens system 
is described elsewhere,!!:!2 it will not be discussed further here. 

The equipment is also adaptable to the projection of tested specimens 
on a screen in a darkened lecture room. This may be accomplished 
merely by sliding the hood off the optical bench, reversing the camera on 
the horizontal slide-bar, placing an adjusting piece on the test-piece 


Fic. 3.—PLASTISCOPE ADAPTED FOR PROJECTION OF TESTED SPECIMENS ON LARGE 
SCREEN, 


support, and tilting the slide-bar to the desired height. The equipment 
so arranged is shown in Fig. 3. The convex lens in front of the specimen 
shown on the test-piece support can be rotated or adjusted in all direc- 
tions to prevent unwanted reflections on the screen. The test-piece 
support can be rotated about horizontal and vertical axes by means of 
the small handle and an adjusting screw shown, to obtain the optimum 
angle of reflection, and can be adjusted in height by rack and pinion 
drive. The position of the lens (double convex) in front of the test 
specimen is adjusted so as to turn about a vertical axis as near to the 
specimen as possible. With the equipment in this position it is also a 
simple matter to take still photographs of the specimen on the test- 
piece support. 


Puastic FLtow In TENSION AND COMPRESSION 


In the tests to be described here SAE 1112 annealed mild steel was 
used throughout, since this material exhibits clear flow layers upon 
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yielding. Fig. 4 shows three photographs made with test pieces of 
different. shapes, each containing a hole or notch in order to provide 
localized yielding and stressed in compression with the axis of stressing 
vertical. These photographs were made with the new equipment after 
the samples in the testing machine were unloaded, and were taken on the 
still camera of the equipment. The dimensions of the test pieces, 
together with the final loads, are indicated on the figure. In the circular 
disk with the central square hole, the diagonal of which is parallel to the 
axis of stressing, not only is an orthogonal family of flow layers produced 
near the points of load application, but flow layers have started from 
the corners in a horizontal plane. In the rectangular test pieces, it is an 
interesting fact that in both samples horizontal flow layers began to 
form before the layers that are inclined to the bar axis. 

Fig. 5 shows the type of flow layers received for both solid and hollow 
cylinders compressed laterally. These photographs were enlarged from 
16-mm. film taken on the motion picture camera and represent the type 
of yielding received at an intermediate stage of the testing. Such 
enlargements from a single frame, however, are seldom as clear as the 
projected image when the film is shown on a screen. Aside from local 
distortion at the points of load application for the hollow cylinder, there 
is a flow layer concentric with the hole. For the solid cylinder, which 
represents the type of yielding in a roller bearing, it is possible to deter- 
mine the equation of these flow layers. The principal stress trajectories 
are a family of bicentric circles, and the shear-stress trajectories cut these 
circles at 45°. The equation of these flow layers may then be obtained 
by mapping conformably from a [u,v] plane on to the [z,y] plane by 
means of the relations 


a sin v 


cosh uw — cos v 


1] 


a sinh u 


cosh wu — cosv 


where a is the radius of the cylinder and u and v are related to each other 
by the equation 


0 = ne b 


where 6 is an arbitrary constant. The equations (1) are the parametric 
equations of the shear-stress trajectories, where the origin of the (2,y) 
coordinates is at the center of the circle of radius a. 

Tensile tests were also made on lap-welded bars of SAE 1112. After 
the bars were arc-welded they were annealed at 900° C. for 1 hr., cooled 
in the furnace, machined, and then polished. Fig. 6 shows an enlarge- 
ment from 16-mm. film of two frames at one junction of these bars, indi- 
cating the mechanism of yielding at an early stage in the flow process. 
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Yielding began at the junction of the fillet and the upper bar. A flow 
layer then appeared through the throat of the weld at a load of 14,000 Ib. 


Fic. 5.— ENLARGEMENTS FROM 16-MM. FILM OF PLASTIC FLOW IN SOLID AND HOLLOW 
CYLINDERS COMPRESSED LATERALLY. 


a. Solid cylinder 1-in. dia., 34 in. thick. 
b. Hollow cylinder 1-in. outside diameter, 34 in. thick, }4-in. inside diameter, 34 in. 


thick. 


as shown. After this the parent metal began to yield, and final failure 
took place through the throat of the weld parallel to the flow layer, which 
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Fia. 6. 

Fic. 6.—FLOW LAYERS IN AN ARC-WELDED LAP JOINT SHOWING T 
FROM MOTION-PICTURE FILM. 

Bars 14 by 13(, in. each. Load 14,000 lb. 


Fic. 7. 
WO FRAMES ENLARGED 


Fig. 7.—FLOW LAYERS IN A GAS-WELDED BUTT JOINT SAME ENLARGEMENT AS Fic. 6. 
Bars 4 by 74 in. each. Load approximately 12,500 lb. 
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appeared near beginning yielding, at a load of 23,000 lb. The same 
result was obtained on a similar run with another test bar. 

Fig, 7 shows an enlargement of two frames at an intermediate stage 
in the yielding of a gas-welded butt joint, which was heat-treated after 
welding in the same manner as for the former test using the same parent 
metal. In this case, initial yielding began along the side of the double-vee 
weld, a layer forming at the junction of weld and parent metals; the 
metal in the weld began then to yield completely and final failure took 
place at a load of 18,700 lb. through the weld, the line of failure running 
along the edge of the weld in the same manner as for beginning yielding. 
Another similar bar tested, which was arc-welded instead of gas-welded, 
showed similar results at beginning yielding in that two vee layers 
formed along the junction of weld and parent metal. In the latter, 
however, the weld metal itself did not then continue to yield but the 
parent metal below and above yielded first, followed by later yielding 
through the weld metal. Final fracture in this piece did not occur 
throughout the weld, but took place above in the parent metal at a load 
of 27,000 lb. Although it was not a primary purpose of these tests to 
show the relative strengths of arc-welded and gas-welded joints, the main 
purpose being to describe the mechanism of yielding, the fracture loads 
were given to complete the picture. 

A small square block of this same material was then compressed 
between two hardened rectangular punches. Fig. 8 shows an enlarge- 
ment of two frames from the film, indicating the type of yielding received 
at an intermediate step in this flow process. These flow layers are similar 
to those in Fig. 5 for the solid cylinder. 

Various other test bars were stressed in compression and in shear and 
recordings of their mechanisms of yielding were made on the 16-mm. film. 
These will not be discussed here, since the examples given illustrate the 
use of the apparatus. They include cylinders with holes of different 
shapes, rectangular test pieces with grooves or holes, rectangular bars 
tested in double shear, and square bars compressed diagonally. 


Puastic Fuow in CoLp-ROLLING 


The Plastiscope is readily adaptable to recording on motion picture 
film the flow layers received during the cold-rolling of metal bars. Fig. 9 
shows the apparatus in position adjacent to a small rolling mill at the 
beginning of such a test. The frame that was used in former tests to 
hold the double convex lens near the test bar is replaced by another 
clamped to the stool in this picture. Fig. 10 shows a close-up view of the 
arrangement. The cover plate on the lower roll was removed in order to 
place the lens in position. A lens was cut into rectangular shape, to 
facilitate its insertion between the rolls next to the test bar. In all other 
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Fig. 8.—SQUARE BLOCK PRESSED BETWEEN TWO HARDENED STAMPS SHOWING FLOW 
LAYERS ENLARGED FROM FILM. 
Blocks 1 in. square, 5¢ in. thick. Stamp /4 in. wide. 
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respects the setup was the same as before. Instead of rolling the bar 
under power, a large wrench was attached to the square shank on the 
other side of the rolls and the bars rolled with a small reduction by slowly 
turning the wrench. The motion picture camera was placed in position 
back of the ground glass on the apparatus and the mechanism of yielding 
recorded from the time of entry of the bar into the mill to the time of exit 
after the entire bar had been rolled. Fig. 11 shows an enlargement from 
the 16-mm. film of two frames when the bar was about halfway through 
the rolls. The bar was originally 0.994 in. square and had a highly 


Fig. 9.—PLASTISCOPE IN POSITION FOR ROLLING-MILL TEST. 


polished surface along its entire length. The reduction was 2.40 per cent. 
It is apparent from Fig. 11 that the flow layers in this test form a family 
of curves closely approximating ordinary cycloids. In other words, 
comparing Fig. 11 with Fig. 5 for the solid disk, for the rolled bar, as 
might be expected, the left half of the cylinder of Fig. 5 can be thought 
of as being extended an infinite distance away from the right half, so that 
the orthogonal curves supplied by the left half do not appear in the pic- 
ture of the flow layers in the rolled bar. After tracing the flow layers 
received in the rolled bar upon the ground glass of the hood and com- 
paring the curves obtained with cycloids, the agreement was found to 
be very close. 

Some time ago L. Prandtl™ gave the solution for the two-dimensional 
plastic flow of metals between two rough parallel plates provided flow can 
proceed in one direction only. In this problem two cases were considered ; 
namely, (1) that in which flow was prevented in one direction and pro- 
duced in the other by squeezing the plates together, called the passive 
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case, and (2) that in which flow was produced toward one side by forcing 
a piston in from the other, tending to separate the plates; called the active 
case. The first, or the passive case, may be thought of as similar to the 
rolling problem provided the length of Prandtl’s bar undergoing flow is 
considered to be that portion of the rolled bar between the rolls, and in 
contact with them. This solution considers a uniformly increasing 
normal pressure on the bar, which would be maximum near the center 


Fie. 10.—CLosn-UP VIEW OF APPARATUS FOR ROLLING-MILL TEST. 


line of the rolls together with uniform shearing stresses on the sides of 
the strip. In this case the flow layers were cycloids, whose equations 
are as follows, for one family of slip lines, . 


x = —a[26 + sin 26] + c1 

y = acos 28 [2] 
and for the orthogonal family 

x = al2B — sin 28] + ce 3] 


Il 


y = a cos 26 
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where 0 < B < a a is half the thickness of the bar, c, and cy are con- 


stants, and the origin of coordinates (x,y) is chosen on the center line 


Fig. 11.—FLOW LAYERS OBTAINED IN ROLLING-MILL TEST ENLARGED FROM MOTION- 
PICTURE FILM. 


of the bar at the end where the vertical normal pressure is zero, y being 
in the vertical direction, as shown in Fig. 12. It may be seen that equa- 
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tions 2 and 3 are merely the equations of cycloids in parametric form, the 
curves for which may be generated by a point on a circle of radius a when 
the circle is allowed to move without slip along the edge of the bar. Flow 


Fic. 12.—FLOw LAYERS PRODUCED BY COLD-ROLLING A MILD-STEEL BAR. 


layers so generated on Fig. 12 may now be compared with those obtained 
on a still photograph of the bar taken by the apparatus after rolling as 
shown in Fig. 13. 

This last example is somewhat illustrative of the value of observations 
of these flow layers, as in such problems it may be possible to work back 


Fia. 13.—FLOW LAYERS RECEIVED IN A ROLLED BAR OF MILD STEEL. 


fram such experiments to the stress distributions which otherwise might 
be very difficult to determine. 


SUMMARY 


In order to reveal plastic flow in the form of Liider’s lines which 
appear on the highly polished surfaces of mild steel when stressed above 
the yield point, a new special optical bench has been designed using a 
system of reflected light. This optical bench differs from the one 
designed some time ago by A. Nddai and the author, in that although the 
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lens system is fundamentally the same the range of usefulness has been 
considerably extended. The equipment is so designed that it is possible 
now to use it for: (1) projection of the image of tested specimens on a 
class or lecture room screen to a large magnification, (2) taking still 
photographs at small or large magnification, (3) revealing the plastic 
flow on a test piece continuously as it occurs during testing by easily 
moving the equipment to a testing machine and observing the image in a 
large ground glass to considerable magnification, (4) showing the plastic 
flow in such processes as the rolling of metals, (5) taking motion pictures 
of the plastic flow process continuously, ete. 

As far as the author is aware, no reported attempts have been made 
to record in motion the plastic flow layers as they form on the highly 
polished surfaces of metals. With this in view, motion pictures were 
made of the yielding in test pieces stressed in compression in the form of 
disks with or without holes, rectangular bars with and without holes, and 
rectangular bars with notches. Further, films were made recording the 
mechanism of yielding in both butt and lap welds, bars undergoing double 
shear, and in a bar as it passes between the rolls in the rolling mill, which 
concludes the film. From the observation of the mechanism of plastic 
flow in the various cases mentioned it was possible to show how metal 
yields near welds, in bars during cold-rolling, ete. 
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DISCUSSION 


(M. Gensamer presiding) 


A. Napat,* East Pittsburgh, Pa. (written discussion)—The study of the flow 
layers occurring in mild steel, and more generally of the regular shapes of the surfaces 
of slip that appear on test pieces of certain polycrystalline ductile metals under special 
conditions and under varying stress, besides being a most charming subject in 
itself for all those interested in the mechanisms of the flow of the ductile metals, has 
revealed considerable instructive information about the true nature of the plastic 
flow of solids. Since the French engineer, Hartmann, 45 years ago published the 
first monograph devoted exclusively to the observations of the flow figures appearing 
on the surface of mild-steel specimens, and since Otto Mohr utilized similar observa- 
tions for developing the theory of strength and of rupture, the laws of the formation 
of these flow layers have been studied by A. Fry, C. W. MacGregor, C. Elam, E. W, 
Fell, K. Yuasa, F. Kérber, E. Siebel and others. However, as the author states, the 
mechanical conditions for the formation of these slip layers are still far from being 
satisfactorily understood and it is therefore to be commended that new equipment for 
their observation in an improved form has been developed by the author. For 
example, under a state of pure tension the layers should form in planes inclined at an 
angle of 45° to the axis of the bar. In flat. bars, however, it is noticeable that the 
only layers that usually form are those that are perpendicular to the flat sides. The 
writer showed, at the International Congress for Testing of Materials in April 1937, 
in London, motion pictures of the formation of these lines in a series of tensile tests 
made with flat bars and with plates subjected to bending by concentrated forces. 
The influence of small notches upon the formation of the thin slip layers is very 
pronounced. Note the long fine lines appearing in Fig. 14 and their interruption 
when the test bar has a number of small notches as shown on the left edge of speci- 
men No. 294 reproduced in Fig. 15. In torsion. of round bars it has been observed. 
that usually a radial system of lines (flow layers) appear in the etchings of the cross 
sections, which are perpendicular to the axis of the round bar, and that these lines 
are approximately equidistant. 

These and similar observations seem to indicate that the formation of the lines 
among other things depends on the conditions of support in the heads of a test bar. 
More precisely, the degrees of freedom in the heads of a specimen have an influence 
on the mode in which the Liiders’ lines will appear. Similarly, small notches (Fig. 15) 
have an influence, as Dr. MacGregor has also shown in a former investigation. One 
of the most puzzling phenomena is the regularity of the distance at which one line 
forms after the other. Evidently an oscillating movement of extreme smallness is 
building up a slight increase of stress until one line begins to form. After it has run 
across the width of the flat bar, apparently a period of stress relief follows, which 
interrupts the process until the stress has increased again for formation of the next 
layer. This can be corroborated by observations of continuous stress-strain curves. 


* Research Laboratories, Westinghouse Electric and Manufacturing Co. 
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A number of other influences, particularly the effect of the speed of stretching, has 
been brought out by E. A. Davis recently.\4 


C. W. MacGrecor (written discussion).—The photographs showing plastic flow 
in whitewashed tensile-test pieces which Dr. Nadai included in his discussion are 
indeed interesting and show a very large number of slip lines. When small notches 


Via. 16.—I'Low LINES ON RECTANGULAR PLATE AFTER BENDING THROUGH A 
CONCENTRATED LOAD 


are produced in the sides of the test pieces, it appears that flow layers usually proceed 
in a direction perpendicular to the axis of the bar instead of along 45° planes. The. 
whitewash method seems to be extremely useful, especially for cases such as shown in 
Fig. 16. The author found it difficult to photograph on a polished surface such a 
case, since a special type of illumination is necessary. 


14. A. Davis: Effect of the Speed of Stretching and the Rate of Loading on the 
Yielding of Mild Steel. Jnl. Applied Mechanics (Dec. 1988). 
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Microhardness of Bearing Alloys 


By L. L. Swirt* 
(Detroit Meeting, October, 1938) 


At the present time there are four base metals being used for automo- 
tive bearing alloys. Of course there are numerous variations in the 
amounts of alloying elements added to each base metal and nearly all of 
these alloys have the conventional, if not classical, duplex structure; that 
is, they are composed of a hard constituent embedded in a soft matrix. 
The well-known theory is that the former will wear well, while the latter 
will be plastic enough to allow the bearing to be broken in and conform to 
the contours of the shaft. 

The requirements of the modern bearing have been most aptly 
described by W. M. Corse: 

In order to meet the engineering demands of today a good bearing metal must be 
able to carry the weight of the shaft and stand up under steady or suddenly applied 
loads, or even blows in some types of service. A certain amount of plasticity is 
desired to compensate for minute irregularities in the shaft or bearing surface, and to 
permit yielding, thereby avoiding dangerous stresses in bearing and shaft and pre- 
venting overheating and rapid wear of parts. Less plasticity is required in a bearing 
metal if the surfaces of bearings and journals are machined accurately, aligned, and 
kept in alignment. It is desirable, of course, that a bearing metal have a low coeffi- 
cient of friction. Under most operating conditions the friction depends on the unit 
pressure of the bearing, the speed, the temperature, and the properties of the lubricant. 

A good bearing metal must have a low rate of wear to reduce the necessity for 
frequent replacements, and adjustment of the bearings. It must wear more rapidly, 
however, than the journal or shaft running on it, because replacement of the journal 
or shaft is more difficult and costly than replacement of the bearing. 


The hardness of the bearing alloy is a property closely related to 
several of the foregoing. With a duplex microstructure, the measure- 
ment of hardness with any of the usual commercial devices means little. 
The Bierbaum method of measuring the hardness of the individual 
constituents was developed to fill this need. 


MicROCcHARACTER 


The Bierbaum Microcharacter?? measures the scratch-hardness of a 
solid by pulling a weighted diamond point over the surface. The 
diamond point is ground so that it is the corner of a cube, and mounted 


Manuscript received at the office of the Institute April 8, 1938. Issued as T.P. 


966 in Merats TecuNoocy, September, 1938. 
* Control Metallurgist, The Cleveland Graphite Bronze Co., Cleveland, Ohio. 
1 References are at the end of the paper. 
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with the cube diagonal in a vertical position. One edge of the cube and 
the corner forms the cutting edge and the diamond is fastened to a flexible 
stylus. Since the width of the scratch will vary inversely with the hard- 
ness, Bierbaum developed the following formula: 


Microhardness = K = X-? X 10,000 


where A is the width of the scratch in microns. 

Bierbaum and others*® have pointed out that it is optically impossi- 
ble to measure the distance A across the microcut, as shown in Fig. 1. 
The usual procedure is to measure the distance B, which will be the total 
width of metal displaced. The observer must use his own judgment in 
choosing portions of the microcut where B can be accurately measured. 
He will attempt to avoid measuring at points where a burr obscures the 
actual width of displaced metal, as shown by C in Fig. 1. 


Q 


Fig. 1.—DIaAGRAMMATIC SECTION THROUGH MICROCUT. AFTER BIERBAUM. 


Williams’ has pointed out that the behavior of various substances 
when scratched will be important in using the microcharacter. He draws 
a most apt comparison between the furrowing of putty with a knife and . 
the scratching of a glass rod with a file. The putty is displaced but it is 
so plastic that a new outer surface is formed and none of the putty is 
actually severed from the parent mass, whereas pieces of the brittle glass 
are broken away, and we can suppose that the scratch-width would 
actually be that of A in Fig. 1. 

The writer measured the microhardness of three intermediate phases, 
as will be noted later. Each one showed some tendency to splinter, but 
no difficulty was encountered in finding suitable portions of the microcut 
for measurement. 

As the diamond point “ploughs” across the test surface, plastic 
deformation and also work-hardening takes place. The latter is most 
noticeable in the displaced metal on each side of the scratch. In measur- 
ing the width of the scratches in different alloys, the ratio between the 
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total width of the scratch and the displaced metal on either side (B/(B — A) 
in Fig. 1) seemed to vary considerably. Before the displaced metal was 
pushed aside, it was first piled up in front of the diamond point. Thus the 
final result (scratch width) will be a measure of (1) the plasticity of the 
unworked metal below the surface of the test piece and (2) the resistance 
to further deformation of the displaced and work-hardened metal. 
Would the accurate measurement of the ratio mentioned above provide a 
way of determining the ability of a metal to be work-hardened? 

The following procedure after the scratch was made was adopted 
as standard: 

1. The piece was swabbed with xylol to remove the watch oil used in 
lubricating the diamond point, and then swabbed with ether. 

2. The width of the scratch was measured on a Leitz Micro-Metal- 
lograph, using a 5.5-mm. objective and a Filar micrometer having a 20 
eyepiece. This gave a magnification of 900. Before the measurements 
were made, this optical combination was calibrated. 

Some workers who have used the microcharacter recommend rubbing 
the microcut with elder pith to remove burrs. The writer found no 
difference in the widths of microcuts that had been rubbed with elder pith 
and others that had not been so treated. 


TaBLE 1.—Microhardness of Specimens 


High Low Difference Average 
Material 
» K » K » K IN K 

Tin-base babbitt: 

SAUL UNIT, Ses Grow ole Goran Sonor 32.20} 9.6/33.40) 9.0/1.20) 0.6/32.76) 9.38 

INUIGRWHD eS arh machin gee Merce ay mee toes 23.79) 17.7|25.34) 15.6]1.55| 2.1/24.44) 16.7 

Guesnackystalem.=..9 sen aan a on 3.66/745.1} 4.18/572.1/0.52/173.0} 3.96/636.0 
Lead-base babbitt: 

Ses net a ees Wri viicpeas oc chars ai Soames 51.72) 3.7/53.62) 3.5/1.90) 0°2/52.84! 3.6 

IBM abe. | captaeis Goan ie on Oona 32.80} 9.3/384.39} 8.5]1.59) 0.8/33.62) 8.9 

SD-Snecnysualsmsremeitias es: Gelt « 6.03/274.7| 6.77|218.4)0.74| 56.3} 6.38/245.8 
Cadmium-base babbitts: 

Gadmiumpeeeeee sete eee eene si2Oepll) 142127250), 135210.99) 1.0126..85), 13.9 

Matrix, Cd-Ni babbitt.......... 22.58} 19.6/25.04) 16.0/2.46} 3.6)23.19] 18.6 

NiCd, crystals, Cd-Ni babbitt. ..| 5.26/361.7| 6.08/270.8/0.82| 90.9) 5.64/313.7 

CdeAe-Cul babbitt...2....6 2.0.5. 17.24} 33.6/20.13} 24.7/2.89) 8.9]18.53) 29.1 
Copper-lead alloy: 

Copper. ..os20.----.-05.+-.--«.|10.04] 99.2)14.61) 46.84.57) 52.412.69) 62.0 

Copper in copper-lead alloy...... 10.26) 95.0/15.26| 43.0/5.00) 52.0)13.32| 56.4 

Lead in copper-lead alloy......../85.26| 8.1/88.00| 6.9|2.74) 1.2/36.51) 7.5 


ee UUEIItEEEE EE EE 


In Table 1 is recorded under “High” the highest single reading of each 
constituent, and under “Low” the reading giving the smallest microhard- 
ness number; under ‘‘ Difference” the difference between the high and low 
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reading, or range in microhardness of the constituent. The results under 
“‘Average”’ are the average of all readings. 

Tests AND RESULTS 


Tin-base Babbitt—The specimen used contained 7.5 per cent Sb, 
3.25 per cent Cu and balance Sn. The matrix of this alloy is composed 


| Fig. 2.—SrRucTURE OF TIN-BASE BABBITT.  X 100. Ercu, FECt;. 


| (Fie. 8.—Microcur IN TIN-BASE BABBITT. X 750. UNETCHED. 


wm be 


of the alpha solid solution of antimony in tin, plus a pseudo-eutectic.® 
The hard constituent, however, is confined entirely to copper-tin needles. 
Because of casting conditions no antimony-tin cubes are present. Fig. 2 
shows the typical structure of this alloy. 
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The effect of adding antimony to tin, the base metal, is apparent 
when comparing the results in Table 1. The scratch-width shows a 
decrease of 8.32 microns, or about 25 per cent, while the microhardness 
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Fig. 4.—SrructurRE OF LEAD-BASE BABBITT. FAST-COOLED. X 500. Ercu, HC. 
Fia. 5.—Muicrocur IN LEAD-BASE BABBITT. SLOW-CcooLED. X 750. UNETCHED. 


increases from 9.3 to 16.7. The way in which the width of the scratch 
varies as it crosses the copper-tin needles is shown in Fig. 3. 

Lead-base Babbitt.—This alloy contains 10 per cent Sn, 15 per cent 
Sb, 0.5 per cent Cu and balance lead. This composition is within the 
limits of the specifications for SAE No. 14 lead-base babbitt. 
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The primary phase to crystallize during the process of solidification is 
probably the compound Cu.Sb, which appears as purple needles. One is 
shown in Fig. 5. The secondary phase is the hard constituent, i.e. 


Fie. 6.—SrructurE oF CADMIUM-NICKEL BABBITT. XX 100. Ercu, FrCu; + 


ALCOHOL. 
Fie. 7.—Microcur in CADMIUM-NICKEL BABBITT. XX 750. UNneErcuep. 


the familiar antimony-tin cubes. Their distribution in the matrix is 
apparent in Fig. 4. 

According to Weaver,’ the matrix contains a pseudo-eutectic of beta 
(mainly SbSn) plus delta (a lead-rich solid solution) and also a ternary 
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eutectic of alpha plus beta plus delta phases. The alpha phase is an 
antimony-rich solid solution. 

A comparison of the results in Table 1 shows that the addition of 
antimony and tin to the lead hardened it considerably, since the scratch- 
width decreased about 36 per cent and the microhardness was more than 
doubled. ‘The heterogeneity of the matrix is apparent in Fig. 5. Note 
that the displaced metal on each side of the microcut appears as a mass of 
dissimilar particles, many of them appearing light in color. 

Cadmium-nickel Babbitt —This is a binary alloy, and contains 1.25 per 
cent Ni. According to the most recent investigation of this system,® 
the eutectic between cadmium and the intermediate phase (NiCd,) con- 
tains 0.25 per cent Ni. The alloy of this composition thus contains 
14.95 per cent NiCd; as “hard constituent.” The remaining eutectic 
forms the matrix, and contains 3.60 per cent NiCd;. The structure of 
this babbitt is shown in Fig. 6. The white crystals are the primary 
dendrites composed of the cadmium-nickel intermediate phase. 

A comparison of the results in Table 1 shows that the addition of 
nickel to cadmium caused a decrease in scratch-width of 3.66 microns, 
or about 13.5 per cent. The microhardness was raised from 13.9 to 
18.6, while the matrix of this babbitt is slightly harder than that of the 
tin-base babbitt. 

The larger variation in the measurements of scratch-width of the 
matrix (2.46 microns) is probably because the cadmium-nickel eutectic is 
lamellar. Portions of the scratch running across a series of eutectic 
plates would have a narrower scratch-width and would appear harder 
than the portions in which the scratch runs parallel to a series of eutectic 
plates. The typical appearance of the microcut is shown in Fig. 7. 

Cadmium-silver-copper Babbitt—The sample used for this work 
contained 0.72 per cent Ag, 0.5 per cent Cu and balance Cd, and had been 
annealed for 100 hr. at 300° F. According to Smart,® this alloy consists 
of cadmium-silver solid solution and a eutectic of Cd-CuCd;. The struc- 
ture and appearance of the microcut are both shown in Fig. 8. 

This alloy does not possess the conventional duplex structure, at 
least not in the usually accepted sense of the term. It will be noted in 
Table 1 that the variation in microhardness is greater than in any of the 
matrices of the preceding bearing alloys that were tested, but this varia- 
tion is still less than the difference between any of the matrices and the 
intermediate phases. 

However, one of the phases present in the eutectic is an intermediate 
phase, and thus one would expect the eutectic areas to be harder than the 
cadmium-silver solid solution. The writer made a series of measure- 
ments on both the light, solid-solution areas and on the darker portions 
containing the eutectic. The results are recorded in Table 2. Con- 
sidering the limitations of the microcharacter and optical equipment 
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used, these results indicate that there is no difference in hardness between 
these two areas. 


TaBLE 2.—Microhardness of Constituents of Cd-Ag-Cu Babbitt 


dr K 
Livht areas: Cd-Ag: solid Solution rece eine iste ene 18.47 29.3 
Darkiareas: Gd-CuCds eutectic... a. eile ie eae eee 18.58 29.0 
DifkerenGe hice ace ccc ce eee ain Caters eee oe ee ro OnE 0.3 


Copper-lead Alloy.—Before the microhardness of this alloy was 
measured, measurements were made of the microhardness of an unetched 


Fia. 8.—CADMIUM-SILVER-COPPER BABBITT SHOWING STRUCTURE AND MICROCUT. 
x 1000. Ervcu, FrCr; + atconon. 

piece of pure sheet copper that had been annealed for 29 hr. at 750° F. 
The results showed considerable variation and so the specimen was 
etched; new microcuts were made and their widths measured. Prac- 
tically the same variation in hardness was noted in both cases, and the 
change in width of the microcut as it passed from one grain to another 
was marked. Fig. 9 shows such a variation. At A the microhardness is 
96.7, while at B it is 48.3. 

Conley, Conley, King and Unger,‘ give the microhardness of copper 
as 74-115 but do not specify whether this is due to cold-work or the 
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inherent anisotropy of the metal. Williams® is more specific. He shows 
a microcut passing from one grain of copper into another and says: 
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Fre. 10.—SrRucTURE OF COPPER-LEAD ALLOY AS CAST ON STEEL STRIP. X 100, 
UNETCHED. WHITE STRIP AT BOTTOM IS STEEL BACK. | 


‘‘Microcut across the surface of a chemically pure piece of copper, 
showing the anisotropy of copper.” 
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The copper lead that was tested contained approximately 60 per cent 
Cu and 40 per cent Pb. According to Claus, the eutectic of copper and 
lead contains 0.06 per cent copper.” The specimen tested was cast by 
pouring the liquid alloy in a thin layer on a moving steel strip. The 
microstructure is shown in Fig. 10, in the unetched condition. The dark 
areas are globules of lead trapped in the copper matrix. ‘There is a great 
variation in size and distribution of these lead globules. Owing to the 
sudden cooling of the alloy, by sprays hitting the under side of the steel 
backing, there is also a marked orientation of the mixture, since the 
copper crystals show a tendency to grow perpendicular to this surface. 


: eae Oe a 
Fig. 11.—Microcur IN COPPER-LEAD ALLOY. XX 750, UNETCHED. 
This alloy differs from the preceding bearing metals. In this, the 
“hard constituent” is the matrix and is in excess, while the softer, more 
plastic metal is in the minority. This definitely affected the performance 
of the diamond point. In passing from a soft metal to a hard one, the 
scratch-width is reduced at once. But when the diamond traverses a 
relatively narrow soft area between harder areas, the displaced metal often 
is pushed out over the hard metal. As a result, areas on the scratch 
suitable for measurement were not plentiful. Fig. 11 shows the appear- 
ance of the scratch as it passes through both copper and lead. 
The hardness of the copper in copper lead also showed a wide variation 
(Table 1). If not due to anisotropy, as mentioned previously, this may 
be due to extremely small particles of lead, some of which may even be 
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submicroscopic. The great variation in size of lead segregations is 
clearly shown in Fig. 11. 

It is also possible that the lead may contain minute particles of copper, 
which would explain the marked difference between the hardness of pure 
lead and the lead in the copper-lead alloy. 


Discussion AND CONCLUSIONS 


The curve showing the relationship between the width of the microcut 
and the microhardness number is logarithmic. Consequently, variations 
in the measurement of a wide scratch in a soft metal are not prominent 
when the measurements are converted to microhardness. The exact 
opposite is true when measuring a hard substance. This is evident in 
Table 1. A variation of 0.52 microns in the width of the microcut in the 
copper-tin crystals resulted in a difference of 173 in microhardness. At 
the other extreme, in measuring the microcut in lead, a variation of 1.90 
microns gave a difference of 0.2 in microhardness. 

It is reasonable to expect greater variations in the measurement of a 
wide scratch in a soft, plastic metal. This variation could be minimized 
by measuring scratch-width at a lower magnification. But if this were 
done it is possible that the observer would not be able to pick suitable 
places on the scratch for measurements with the same ease as at a higher 
magnification, and would thus lower the accuracy of his results. 

Of course, some of this variation in the hardness of the matrices is 
inherent in these alloys, since the matrices of the first three alloys are 
all heterogeneous. 

In all probability, the variations in the hardnesses of the intermediate 
phases, as listed in Table 1, may be due to the limitations of the micro- 
character, the optical equipment and the observer. Conley, Conley, 
King and Unger‘ point out that ‘“‘the practical limit of magnification 
as well as the quality of Filar micrometers make measurements to frac- 
tions of microns doubtful.”” However, the writer recorded the decimal 
parts of microns in Table 1 in order to show the relationship between 
the recorded number of micrometer turns and microns in a series of 
readings on alloys with widely different microhardnesses. None of the 
writers that have published microhardness results have done this, but 
have recorded an average obtained from a number of readings. 

Incidentally, it is a generally recognized fact that measurements of 
microhardness made on different machines will not check each other, 
nor will those of different observers made on the same machine." 

The comparison of the microhardnesses of the various bearing alloys 
with their values as bearing alloys can only be general. The hardnesses 
of the matrices give us a general idea of the plasticity of the alloys, 
and if this be true, the lead-base is the most plastic, while the tin-base 
and cadmium-nickel are about the same. 
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The compressive strength of the babbitt is important but this property 
is influenced also by the structure of the hard constituent. The dendritic 
network in the cadmium-nickel babbitt and the stars and needles in the 
tin-base babbitt could both be expected to bear part of the load in com- 
pression. But one would not expect the antimony-tin cubes to make the 
lead-base babbitt stronger in compression. 

The relationship between the hardness of the crystals in a babbitt 
and the crankshaft is also of some importance. The copper-tin crystals 
are generally considered harder than a steel crankshaft and have been 
known to scratch it. When the writer’s average hardness of 636 is 
compared with a recorded hardness of 297 for ferrite and 600 for pearlite* 
this seems reasonable, even though these results were obtained by 
different workers. 

The relationship between hardness and wear is indefinite. It is 
claimed that the copper-lead alloys cause excessive wear of the crankshaft, 
although the copper matrix of copper-lead alloy is not nearly as hard as 
the intermediate phases present in other bearing alloys. 

Coefficient of friction and ability to maintain an oil film are two other 
properties that may be correlated with the microhardness of a bearing 
metal, but the exact relationship is indefinite. 

While the relationship between the microhardness and the other 
physical properties of a bearing alloy may be rather obscure at present, 
there is little doubt that the microhardness test could well be added to 
the other physical tests usually applied to such metals. 
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DISCUSSION 
(John L. Christie presiding) 


C. H. Brersavum,* Buffalo, N. Y. (written discussion).—The early history of the 
Microcharacter was beset by many difficulties. After trying various jewels, steels 
and extremely hard metals, it seemed that the artificial Leuco sapphire would be the 
most satisfactory material for the cutting point,!” although it was early realized that 
the diamond would be the ideal. The incentive for the work was the desirability of 
determining the relative hardness of the microscopic constituents of the various 
recognized bearing alloys. A long series of experiments was undertaken before the 
shape or the form of the cutting point was determined upon, and also the fact that led 
to the conclusion that a continuous cut was necessary, rather than a scratch. 

The difficulty with the artificial sapphire was that many materials are as hard or 
harder than the sapphire itself—for instance, manganese, fused tin oxide, zirconium 
and titanium nitrides—also, the fact that all aluminum surfaces are covered with a 
molecular layer of Al,O;, the same substance as the sapphire, causing a distinct wear- 
ing or polishing effect upon this jewel, together with the fact that breaking and chip- 
ping off of the sapphire point was frequent. All these difficulties could only lead to 
many discrepancies by different observers, because they were using jewel points that 
had been subjected to varying degrees of destruction. 

The work originally was undertaken by the Bearing Metals Research Committee 
of the American Society of Mechanical Engineers. Their troubles were fully dis- 
cussed with Dr. Brashear, president of the Society, who referred the writer to Dr. 
Kunz, of Tiffany & Co., through whose kindness a list was obtained of both American 
and foreign lapidaries that were reputedly supplying diamonds for scientific purposes. 
A long and tedious correspondence resulted, which finally led to the evident con- 
clusion that none of these lapidaries had even the remotest conception of how a sharp 
point might appear under the microscope. 

After several more years of agitation, a favorable introduction was obtained to 
the work done by F. F. Gilmore, of Boston, who in the first interview said: ‘I know 
your problem and have sometimes thought that I would like to try my hand.” He 
did, and in March 1929 his first diamond was submitted, which upon examination 
under a magnification of 2000 diameters proved to be of a very high order. The 
facets were true planes, their intersections were straight lines, the point was abso- 
lutely sharp and the angle of each facet at the point was 89°, 57’’, thus proving the 
possibility that a diamond could be ground to the specifications laid down, although 
numerous lapidaries stated positively that beyond the question of a doubt, from their 
years of experience, no such jewel point could be ground. Diamonds with the accu- 
racy mentioned above have been used in all instruments since July 1930, and every 
diamond so far supplied has had the personal examination and certificate of accuracy 
of the writer. 

The author says: “Incidentally, it is a generally recognized fact that measure- 
ments of microhardness made on different machines will not check each other.” 
This is not an accurate quotation, if intended to be taken from the A.S.T.M. report. 
Secondly, all of the work done and all of the reports of the A.S.T.M. were at a time 
prior to the introduction of the diamond as the cutting jewel. These tests were, 
therefore, made with sapphire points having varying degrees of imperfection. Thirdly, 
the first instrument made by Zeiss was made under definite specifications and the 
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writer tested this in comparison with the Spencer Lens Company’s standard instru- 
ment. Making parallel cuts on surfaces of various metals, cuts made in the same 
direction and only a fraction of a thousandths of an inch apart, all proved to be 
absolutely identical. For the foregoing reasons and additional facts that might be 
stated, justification for this broad criticism of the instrument does not obtain. 

The variation in readings as made by different individuals is a fact and this is 
largely due to inexperience and the confusion arising from not excluding the distorted 
metal fringe, which usually borders the side of the cut. The author states that wiping 
with elder pith the surface of the test specimen after the cut is made did not reduce 
the width of microcut. Such wiping is intended only to eliminate the loose excess 
fringe. 

Another source of confusion often exists where the instrument is used for deter- 
mining the composite hardness of a heterogeneous alloy having microscopic forma- 
tions of different degrees of hardness. This is obviously a misuse of the instrument, 
where Brinell and other standard methods should be used. The object and purpose 
of the Microcharacter is that of determining the hardness of single crystals, grains or 
the surfaces of absolutely homogeneous material. 

The term “hardness” expresses five distinct ideas, according to Hofman," 
among which he distinguishes between scratch and cutting hardness. The writer has 
frequently criticized the use of the term ‘‘scratch hardness”” when applied to micro- 
hardness tests, for the reason that in this test the normal pressure to the test surface 
must always be greater than the horizontal pull, thus making a continuous indenta- 
tion or cut. Whereas, if the shape of the point is such that the horizontal pull is as 
great or greater than the normal pressure, a scratch is the result. 

In expressing the results of a hardness test, it is absolutely necessary that the 
exact manner and details of such a test be given or understood, otherwise the results 
are meaningless. With this in view, and to avoid unnecessary ambiguity and con- 
fusion, the writer has coined the terms: Microcharacter, microhardness and microcut. 

In some cases the instrument has been placed in the hands of inexperienced and 
untrained investigators, which could only lead to unsatisfactory results, and for this 
reason the writer has given this general precaution: ‘‘The investigators should possess 
the skill and manual dexterity of an accomplished microscopist or that of an expe- 
rienced physicist” (ref. 3). 

The subject of microhardness tests on work-hardened metals has been discussed 
pro and con by various observers. A careful study and understanding of this sub- 
ject can be had by slightly etching the test surfaces just enough to bring out the 
individual grains. It will then be found that the particular grains in which there is 
no slippage seem to retain their original property, whereas in grains in which distinct _ 
slippage has occurred and where a distinet stress exists in such grains work- 
hardening is distinctly shown. The direction of microcut with reference to the slip- 
page plane again has its effect. Broadly speaking, therefore, the criticism that the 
Microcharacter does not show an effect of work-hardening on metals is based upon 
incomplete and inaccurate observations. 

It is generally appreciated in making Brinell or similar tests that a time interval 
must be allowed for the plastic flow of the metal. This same consideration should be 
given in making microhardness tests, in not moving the cutting point too fast. A 
safe limit of cutting speed seems to be that of one revolution of the feed screw per 
second, which has proved satisfactory on pure lead. However, the writer’s early 
caution should always be observed: ‘“‘The rate of travel should be so slow that no 
additional indentation is effected by stopping.”!? In the A.S.T.M. Report for 1926, 


18 Hofman: General Metallurgy, 9. New York, 1913. McGraw-Hill Book Co. 
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pages 572-573, results are given of the indicated microhardness corresponding to 
different rates of cutting. Similar results are reported by Hodge. 

The author in giving his results gives “high,” “low,” “difference” and “average.” 
This is commendable. It gives the fullest and most complete information of the test. 
This the writer appreciates should have been done in his earlier published results, 
where he has confined himself entirely to averages only (ref. 2). 

The author points out the interesting fact that the copper-tin-bearing erystals 
are harder than the different phases found in soft steel. This is the secret of many 
vexations that have long been experienced when fitting and starting up copper-tin 
bronze bearings with soft cold-rolled steel. The results of the author’s test on the 
cadmium-silver-copper babbitt quite agree with those of the writer: ‘This alloy does 
not possess the conventional duplex structure,” to which the writer would add that 
for that reason it is distinctly not a bearing metal. 


W. J. Contey,* Rochester, N. Y. (written discussion)—Mr. Swift’s paper has 
raised several questions, which can be partly answered by data that have accumulated 
through work by graduate students in the engineering department of the University 
of Rochester. In one paper,!4 the microhardness of copper was given as varying 
from 74 to 115. Part of this variation is due to the difference in purity of individual 
samples, but a considerable spread is found in the same specimen. This was definitely 
found to be a result of anisotropy by noting the relation of cut width to the orienta- 
tion of the different grains as indicated on the etched surface. Effects of this kind 
must be considered in interpreting Microcharacter readings, especially for constituents 
such as lamellar eutectics and eutectoids. 

In the paper referred to above, !4 it was stated, as Mr. Swift has quoted, that ‘‘the 
practical limit of magnification as well as the quality of Filar micrometers make 
measurements to fractions of microns doubtful.”’ This statement was made as a 
warning and to draw attention to the fact that fine equipment is necessary for accurate 
Microcharacter results. The experience of the writer indicates that careful workers 
properly instructed in the use of good equipment can duplicate results to tenths of a 
micron. Usually the results have been recorded in hundredths, but in the final 
computation of the average and the reported microhardness of a constituent the 
hundredth has been omitted. It is unfortunate that in an investigation such as 
Mr. Swift has reported all data cannot be given, but this is usually impossible because 
of limitation of space. Mr. Swift shows that the Microcharacter is an excellent tool 
for investigations of individual hardness of microconstituents. However, the follow- 
ing data are submitted to support Mr. Swift’s work and to attempt to dispel any 
misconceptions that may have arisen from the report of the Subcommittee V on 
microhardness, published in 1926 by the A.S.T.M. (vol. 26, pp. 572-580). This 
report states that different workers using separate instruments or different observers 
using the same instrument did not duplicate readings on the same materials with 
desirable accuracy. The instruments used at that time were an early development 
equipped with an artificial sapphire, whereas the present ones use the diamond. The 
sapphire was relatively easily dulled or broken, which brings up a fact that cannot be 
emphasized too much—namely, that periodic checking of the diamond must be made, 
to guard against its use with a broken point. With care, this happens rather infre- 
quently, as shown by the use of the instrument available to the writer, which has been 
used with the same diamond for about seven years. During this period at least 10 dif- 
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ferent persons have worked with this apparatus, many of whom received their initial 
instruction on this Microcharacter. 

Mr. Swift reports a reading of 636 for pearlite. The corresponding readings 
obtained in the writer’s laboratory are 260 to 2160, average 600, for an 0.8 per cent 
carbon steel. For pearlite in a 0.2 per cent carbon steel the readings are 490 to 1105, 
average 600. The different observers using the same Microcharacter found the 
following average values for the same sample of an 0.8 carbon steel: 600, 600 and 594. 
Cementite in white cast iron gave microhardness values of 4290 to 8600, an average 
of 5620. For tin the values varied from 10.7 to 16, an average of 12.2. For a sample 
of lead that had been processed to improve its purity the results varied from 4 to 6 
with 5 as an average. Armco iron gave values of 177 to 490, average 240, while 
Swedish iron varied from 225 to 297, an average of 257. The results given in Tables 
3 and 4 are taken from a series of 30 to 50 readings for each specimen. 


TABLE 3 
Microhardness @ Cut Width, Microns, 
ase Eutectoid (Bronze) 
Average 
Observer Sample Analysis Micro- 
hardness 


ee _ | Aver- F _ | Aver- 
High | Low age High | Low age 


1 Cu 70; Sn. 10, Pb 20 }<225. | 185 | 167 13:50), 3.101/3220 960 
2 Same 240 | 117 | 160 
il Cu 70, Sn 2, Pb 28 | 167 77 | 102 
2 Same 167 83 | 107 
1 Cu 91.8, Sn 8.2 269 | 112°) 150). 3°65) 2.8 1 3225) Aenea 
2 Same 334.) 28) ot 1,014 


For the cast bronze containing 8.2 per cent tin (Table 3), separate readings were 
recorded from the etched surfaces of the @ structure for light grains and dark grains. 
For the light the values varied from 107 to 196, an average of 142, while the values 
were 210 to 232, an average of 217, for the darker grains. The material was in the 
unannealed cast condition, where considerable dendritic segregation was present. 


TABLE 4 
Width of Cut, Microns, for the a2 Phase in Cast Bronze 
Ovserver Specimen 1 Specimen 2 Specimen 3 Specimen 4 
High | Low | Ave! | High | Low | Ave") High | Low Aver | High | Low — 
1 (8) 6.2 6.77) 7.38: 1 6.0 (96.64) 7-46.05 67600 7.0 1 Gnd aomea 
2 dee | 6207106. (vel 6o2 | Bot ale Cer | LOeLal Ost OL Onleie Seam 
3 Ta2N Got OGO Ne Leone al lOno 


In Table 4, No. 1 contained 24.5 per cent tin; No. 2, 20.3 per cent; No. 3, 24.5 per 
cent and No. 4, 27.3 per cent. 

The samples used by observers 1 and 2 were annealed 50 hr. at 510° G. while 
those used by observer 3 were annealed 115 hr. at 510° C. The figures in Table 4 
show that different observers using the same equipment can obtain results sufficiently 
close for all purposes. 
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S. R. Wixurams,* Amherst, Mass. (written discussion)—Mr. Swift has added 
another interesting study of hardness measurements by means of Bierbaum’s standard 
hardness tester. I should like to present a few observations on the measurement of 
the width of the trace made by the diamond indenter of Bierbaum’s instrument. 

Can a standard criterion be set up concerning the location of the edge of the cut 
made by the Microcharacter? In Fig. 1 Mr. Swift shows what we would like to 
measure and also the measurement with which we have to be contented. This is the 
distance between the outer edges of the burr pushed up on both sides of the trace 
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Fic. 12.—ARRANGEMENT OF FRESNEL BIPRISM, LENS AND SCREEN FOR MEASURING 
FOCAL LENGTH OF LENS. 


by the diamond. The criterion to be discussed here rests upon a procedure used for 
a number of years in the physics laboratory at Amherst in finding the foeal length 
of alens. Ifa Fresnel biprism is illuminated by sunlight (parallel rays of light), the 
dividing line between the two surfaces of the prism, obliquely inclined to each other, 
forms an excellent object, whose image is focused on a screen in finding the focal 
length of the lens, or of a concave mirror. Fig. 12 shows the arrangement of biprism, 
lens and screen. As the lens ZL is moved back and forth between the illuminated 
biprism F and the screen S, a distance that must be greater than four times the focal 
length of the lens, there comes a point 


where the image of the dividing line D of oe ——— >| 

the prism comes into view on the screen. 

If the lens is moved toward the screen the a es 
line appears as a light line, but if the lens 

is moved toward the biprism the line 

appears dark. Only a slight movement Fig. 18.—WIpTH OF CUT AS MEASURED 


of the lens causes the image of the line to By BIPRISM METHOD IS REPRESENTED BY W, 
snap from a dark to a light line, or vice THIS Is SMALLER THAN B in Fic. 1. 

versa. Just at that point, where the 

shade of the line suddenly changes, is the position for the proper focus of the line D. 
In this way the lens can be set accurately for a sharp image on the screen with a 
high degree of precision. Results may be repeated with surprising fidelity in obsery- 
ing the focal length of the lens. 

In observing the cut made by the diamond of the Microcharacter, it will be found 
that a burr has been thrown up on each side of the cut in the form of a minute biprism.. 
This burr acts optically, so the biprism does, in measuring the focal length of the lens. 
In focusing the microscope on such a cut one can see the top line of the burr snap 
suddenly from light to dark, which forms an ideal criterion for determining when the 
dividing line (top edge) of the burr is in focus. Fig. 18 shows that width is measured 
in this procedure. It is still not what we would like to have but it is nearer that 
desired position than the outside edges of the burr and we have a precise method of 
knowing when we have that position. 

This effect is observable both for transmitted and for reflected light on the surface 
tested. My own impression is that it is better for transmitted light, but inasmuch as a 
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great deal of my use of the Microcharacter has been with transparent plastics I may 
be biased in favor of illuminating the diamond cut by transmitted light. 


A. J. Dornsiart,* Washington, D. C. (written discussion).—A test method as 
sensitive as the Bierbaum Microcharacter method for determining scratch hardness 
must be used with due regard to its sensitivity. A. M. Setapen* has observed that 
this test fails to differentiate between the hardness of annealed and cold-rolled silver 
when the seratch is made on polished silver surfaces. This apparently is due to the 
superficial layer of metal subjected to test, which, in the case of the special purity 
silver (99.995 per cent) in question, had been work-hardened by the metallographic 
polishing technique practically as much as could be produced by extensive cold-working. 

Using the 9-gram load, and a micrometer microscope to measure scratch width, the 
following typical data were obtained: 


Scratch Width (at 500 X), In . 
Material 
Unpolished Polished 
Fully annealed :silver.is ice sno. © acres eer arn ase 0.068 0.055 
Cold-rolled silver, 25 per cent reduction.................. 0.056 0.055 


The same specimens tested on the unpolished surfaces as rolled were simultaneously 
mounted in Bakelite, and the mounting polished metallographically to a plane surface 
using relatively light polishing pressure. 

Caution should be exercised in using the Bierbaum method when testing polished 
metal surfaces to determine the hardness of the metal or microconstituents below the 
polishing film. 


C. F. Smart,+ Pontiac, Mich. (written discussion)—The author mentions the 
frequently quoted theory that bearing metals should consist of both hard and soft 
components, usually of hard particles embedded in a soft matrix. The data given 
show that the cadmium-silver-copper alloys do not conform to this theory. These 
alloys have amply demonstrated, however, that they make excellent high-duty bear- 
ings and, further, some of the pure metals—lead, tin, cadmium and silver—function 
reasonably well as bearing materials over the ranges of load and temperature com- 
patible with their strengths and melting points. Such facts would indicate that the 
duplex structure theory should be abandoned. 

The data presented by the author lend additional weight to the belief that the 
fatigue life of a bearing metal is a function of the strength of the weakest component 
that is present to any appreciable degree in continuous phase. Accordingly, it is 
believed desirable, for example in tin-base babbitt, to maintain the antimony content 
at the upper limit of solubility of antimony in tin to obtain the matrix of greatest 
possible strength. 


F. E. Carrer, t Newark, N. J.—Has the Microcharacter been used for testing the 
hardness of electroplates? If so, on what metals and with what success? 


C. H. Brersaum.—The Microcharacter has been used very successfully in testing 
a large variety of commercial electroplates; among them chrome plate less than one- 
half one-thousandth of an inch thickness. 


* Research Associate, American Silver Producers’ Research Project. 
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L. L. Swirr (written discussion).—The comments of Mr. Bierbaum and Pro- 
fessor Conley are especially valuable, since they shatter an apparently erroneous 
belief regarding the Microcharacter. They have presented convincing evidence that 
different observers can check each other’s readings. 

In bringing up this point and others, it is hoped that those who use the Micro- 
character in the future will have more concrete data to guide them in obtaining good 
results. Mr. Dornblatt’s comment, for instance, stresses the fact that misleading 
values may be obtained if the specimen is not etched before being scratched. 

Professor Williams’ suggestion regarding a new criterion for the measurement of 
scratch width is certainly worthy of consideration. It would undoubtedly be con- 
venient in measuring a microcut made in a transparent material, and could also be 
used for homogeneous metallic crystals. However, it is doubtful whether it could be 
used in measuring the scratch width of a heterogeneous material like the matrix of 
lead-base babbitt. 

Professor Conley was evidently misled by a slight ambiguity in the text of the 
preprint. The figure “‘636”’ (p. 332, second paragraph) refers to the microhardness 
the writer obtained for the copper-tin crystals in tin-base babbitt (Table 1). 


Special Methods for Polishing Metal Specimens 
for Metallographic Examination 


By D. Brerecexorr* anp W. D. ForcEnG* 
(Detroit Meeting, October, 1938) 


In the routine examination of a wide variety of metal specimens it is 
sometimes necessary to have special methods of polishing in order to 
retain and reveal certain details in each specimen. Among such special 
cases is the retention of graphite in malleable and gray cast irons, the 
preservation of all types of nonmetallic inclusions in both hard and soft 
steels, obtaining a scratch-free surface with soft metals, and avoiding the 
usual relief effects with very hard specimens such as tool metals con- 
taining various carbide and nitride phases. It is the purpose of this 
paper to give an account of some of these special polishing methods in 
use at the Union Carbide and Carbon Research Laboratories. 

The polishing procedures outlined have been found to give uniform 
results. It is obvious that only general rules and the most important 
working details can be given here. Following these rules, the polisher 
can obtain satisfactory results if he possesses the necessary patience and 
has a sincere desire to give as nearly perfect a finish as possible to his work. 


PROCEDURE 


The specimen is flattened with considerable care on a file or sharp 
cutting sanding belt, since the initial production of a flat surface greatly 
facilitates subsequent polishing. The polishing motors have two speeds, 
600 and 1200 r.p.m. At higher speeds specimens are likely to be over- 
heated, therefore the high speed is used only when a saving of time is 
important. 

The following abrasive papers are used consecutively: No. 2, No. 1, 
No. 0, No. 00 and No. 000. ‘The final wet polishing is done on a cloth- 
covered metal disk. Woolen broadcloth of the best quality and capable 
of resisting severe pressure is most commonly used on the last lap. A 
polishing felt of the type used for polishing optical glass has been found 
equally satisfactory and is much stronger than broadcloth. For retaining 
inclusions and graphite, a hard cloth with very little resilience, such as 


Manuscript received at the office of the Institute July 14, 1938. Issued as T.P. 992 
in Merats Trecunowoey, January, 1939. 
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airplane fabric (Flightex-Fabric) or an unbleached muslin, is employed. 
A soft silk velvet is used as a final cloth after completion of polishing on 
other cloths in order to remove all scratches. 

Either relevigated alumina or magnesia* is used as the abrasive on 
the cloth laps. The best surfaces are obtained when the time of polishing 
on cloth laps is kept at a minimum. After the No. 000 paper has been 
used, the scratches are still too deep to be removed rapidly on the cloth, 
so that the specimen is finished on worn No. 000 paper that has been 
coated with graphite applied by rubbing the paper with a piece of 
graphite electrode. 

The polishing on cloth, except of cast-iron specimens, must be 
performed with a circular motion. If it is done in one direction comet- 
like tails appear at the inclusions. The cloth is kept moist and is washed 
with soap and water as soon as it becomes dirty and gritty. The speci- 
men is pressed firmly against the cloth until the scratches from the 
graphite-coated paper are removed, then the pressure is gradually 
reduced. Very fine scratches are left on the specimen by this treatment. 
When it is necessary to remove them, a silk velvet lap charged with the 
finest relevigated alumina is used. For more specific details of the polish- 
ing process and of the precautions to be taken during polishing, the 
reader is referred to earlier papers from these Laboratories.'~* 

Most specimens are polished in the manner described above. In 
special cases, however, certain departures from this procedure are 
required. These will be considered individually. 


GRAPHITE IN Cast IRON 


Graphite sometimes remains intact in gray or malleable iron even if 
the specimens are polished in the usual way. More frequently, however, 
graphite is pulled out by particles of the abrasive paper and dislodged by 
broadcloth. Experience has shown that in order to eliminate this it is 
necessary to polish the specimens for a much longer time, especially on 
the No. 2 paper. Well-worn No. 2 paper is preferable to new. 

When properly prepared, no black spots (indicative of dislodged 
graphite) are seen at 100 diameters after polishing on graphite-coated 
No. 000 paper. The scratches of this last paper are removed on airplane 
wing-covering material, using “heavy” magnesia as the abrasive. The 
cloth is damp but not wet, and firm pressure is applied. The microscope 
is employed frequently to determine when the graphite is revealed satis- 
factorily, so that the polishing will not be carried too far. Graphite is 
frequently washed out by rotation, so the specimen is polished in only 
one direction on the cloth. The ‘‘comet tails” formed at first disappear 
with further polishing. 


* Heavy magnesia is used for some specimens and light magnesia for others. 
1 References are at the end of the paper. 
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This procedure for polishing cast iron is somewhat slow. The time 
on cloth for a specimen of gray iron 14 in. square is 10 to 20 min., and 
for a specimen of malleable cast iron of the same size it is 40 to 50 min. 
The time varies with the hardness of the metal. 

Examples of properly polished cast irons are shown in Figs. 1 to 
3 inclusive. 


PRESERVING INCLUSIONS 


Specimens in which the inclusions must be retained are polished in 
the usual way to the No. 000 graphite-coated paper. Here, however, 
polishing is continued until the scratches are almost invisible to the naked 
eye. This exposes the inclusions and simplifies the subsequent polishing 
on cloth. Broadcloth washes out many kinds of inclusions. To preserve 
them intact, airplane wing-covering material is used with fine alumina or 
‘ight’? magnesia as the abrasive. Scratches left after polishing on this 
cloth are often removed without dislodging the inclusions by finishing 
on velvet with the finest relevigated alumina. 

Specimens having easily removable inclusions, such as alumina, are 
polished on airplane wing covering with ‘light’? magnesia as the abrasive. 
During polishing the cloth is not too wet and is almost dry at the finish. 
Velvet cannot be used to remove scratches on these specimens because it 
tears out this type of inclusion. 

Photomicrographs of typical inclusions in steel are shown in Figs. 4 
and 5. Fig. 6 is a photomicrograph of a leaded bronze in which the soft 
lead constituent was retained by the same procedure that is used for 
preserving inclusions in steel. 


Sorr METALS 


Specimens of moderately soft metals are cut very carefully to avoid 
any deep distortion of the surface to be polished. The sample is then 
flattened by means of very light pressure across a file. In order to 
remove disturbed metal, polishing on subsequent papers is prolonged 
more than usual. The scratches from the last paper are removed by 
polishing on broadcloth with fine alumina... The final polishing on cloth 
is first in the direction of the scratches of the last paper and later with a 
circular motion. If a circular motion is used at first the scratches are 
filled with flowed metal and only seem to be removed; they reappear after 
etching. Any scratches remaining on the specimen after polishing on 
broadcloth are removed by polishing on velvet with the finest alumina 
and soap. Unless the velvet is saturated with soap and abrasive it 
smears the soft metals very badly. 

With very soft metals such as pure lead, tin or aluminum, the emery 
particles of the abrasive papers are often embedded during polishing and 
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it is very difficult to remove them. Therefore these metals, after 
smoothing on a clean fine file, are taken directly to a prnadclorh lap. 
The cloth is charged with the finest alumina and abundantly supplied 
with soap and water. At the start, some pressure is used but when all 
traces of the file are removed the pressure is lightened considerably. 
In this way a surface bright and clean enough for etching purposes 
is obtained. 

If new cloth, such as glass-polishing felt, is used it is possible to 
remove scratches and polish lead without abrasives, using only copious 
quantities of water and soap. Sharp structural definition is obtained 


Fic. 7.—PURE LEAD, ETCHED. X 100. 


when the specimen is suitably etched. This is illustrated in Fig. 7, which 
shows a specimen of lead that was polished in this manner and etched by 
the following procedure: The etching solution consisted of a mixture of 
2 to 3 parts of glacial acetic acid and 1 part of hydrogen peroxide. The 
etching time was 4 to 5 min. The specimen was shaken as vigorously as 
possible without interruption during the etching. On being taken from 
the solution, the specimen was immediately washed with hot water and 
with alcohol without exposure to air. In this way the grains are revealed 
very clearly. If the specimen is permitted to remain over the vapors of 
the solution, even for a short time, the grains are colored various hues. 


Harp METALS 


The very hard metals, such as Stellite tools and tungsten carbide 
alloys, are polished on special diamond-impregnated polishing disks. 
These disks are furnished in coarse and fine grit sizes. A flat surface 
suitable for ordinary examination is obtained in a few minutes with these 
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abrasive wheels. The scratches left by the finer diamonds may be 
removed without excessive relief effects in a short time on a broadcloth 
lap saturated with alumina. 
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DISCUSSION 
(Ernest B. Drake presiding) 


KF wWne 


W. L. Meinuart,* Chicago, Ill. (written discussion).—The art of metallographic 
polishing is so broad, and has so many peculiarities, depending on the nature and type 
of alloy dealt with, that in the present discussion no attempt will be made to cover the 
entire field. Our remarks will thus be restricted primarily to the polishing of mal- 
leable and gray iron, which present the difficult problem of retaining graphitic inclu- 
sions intact. 

The procedure that gives us the best result is very similar to that described by 
the authors through the fine emery paper stage. However, instead of rubbing graphite 
on worn No. 000 paper, as the authors do, we apply paraffin dissolved in benzol and 
rub it smooth with a piece of cotton. For the first wet lap, a worn, stiff-nap velvet 
cloth is used, into which a little of the paraffin-benzol solution has been worked, until 
the surface is smooth. A thin, soapy paste of 600-mesh alundum is used as abrasive, 
and the speed of the polishing wheel is adjusted to 350 r.p.m. In the final polishing 
stage, we use a velvet-cloth wheel, coated with a thin paste of No. 1 levigated alumina. 
Water is applied in amounts just sufficient to make the paste slippery, and the polishing 
speed is adjusted to 550 r.p.m. According to our observations, medium stiff-nap 
velvet holds the abrasive better than silk or satin cloth, and if used as suggested, does 
not result in “‘dragging”’ out of the graphite. 

It is our experience that polishing of malleable iron samples frequently causes the 
metal to flow and “smear”’ over the edges of graphitic nuclei, thus erroneously reduc- 
ing them in size. Fig. 8, which is very similar to the author’s Fig. 3, is an example of 
such an occurrence. To remedy it, as we have found out, alternate polishing and 


etching is necessary, starting with the 600-alundum stage. It seems that the etching - 


reagent attacks and loosens the flowable metal film covering the edges of the graphite, 
while the subsequent polishing removes it. 

The results obtained by our method of polishing are illustrated in Fig. 9, which 
has been produced in the same sample as illustrated in Fig. 8, and which in our opinion 
is the correct appearance of graphite noduli. Notice the sharp outlines of the graphite 
and sulphide inclusions. 

We have found out that etching four or five times in 5 per cent Nital is sometimes 
necessary to clearly define the graphite. Care must be taken not to overetch annealed 
malleable iron, because wide grain boundaries, which are difficult to remove in the 
final polishing, may develop. 

Figs. 10 and 11 are illustrations of the same structure as shown in Fig. 9, but 
taken at lower magnifications. 

Careful examination of Fig. 10 reveals the aforementioned “wide grain bound- 
aries,” which are an indication of the first stage of overetching. 


* Crane Company. 
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Fic. 8.—FuLLY ANNEALED MALLEABLE IRON PREPARED WITHOUT ALTERNATE ETCH- 
ING AND POLISHING. XX 500. 

Fic. 9.—Same AN Fic. 8, PREPARED BY ALTERNATE ETCHING AND POLISHING METHOD. 
< 500. Frnau ETcH, 5 PER CENT NITAL. 

Fic. 10.—FULLY ANNEALED MALLEABLE IRON, SAME AS Fic. 9. X 150. FINAL 
ETCH, 5 PER CENT NITAL. 
Fic, 11.—Same as Fic. 10. X 100. Finau ercu, 5 PER CENT NITAL. 
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The average time period necessary to obtain the aforedescribed results on malleable 
iron is about 75 minutes. 

Figs. 12 and 13 are illustrations of a gray iron and of a free-machining, high-sulphur 
steel, respectively, also polished according to the method just described. 

In the taking of all these photomicrographs, panatomic film was used because of 
its low contrast, The more contrasty film darkens the graphite and obscures its 
inner structure. 


ter 
ee 


Iidel, IPA Fie. 13. 


Fic. 12.—GRaAY CAST IRON PREPARED BY ALTERNATE ETCHING AND POLISHING METHOD. 
< 150. Frinau ercnu, 5 ppR cen’ NITAL AND PICRAL. 

Fia. 13.—FR®E-MACHINING STEEL SHOWING MANGANESE SULPHIDE INCLUSIONS POL- 
ISHED BY ABOVE METHOD. No FINAL ETcH. X 500. 


G. Epmunps,* Palmerton, Pa.—Have the authors been able to reduce the relief in 
metallographically polished specimens having small, hard constituents in soft matrices? 


W. D. Forcene anv D. N. Berecexorr (written discussion).—In answer to 
Mr. Edmunds’ question, we can only state that, in general, relief may be reduced in 
metallographic specimens having hard constituents in soft matrices if the time of 
polishing on cloth is kept at a minimum. This requires that specimens be very care- 
fully and lightly polished on the graphite-coated No. 000 paper before proceeding to 
the cloth-covered laps. 

The results obtained by Mr. Meinhart are excellent and require little comment. 
It is our opinion, however, that the true structure of the graphite nodules is revealed 
in Mr. Meinhart’s Fig. 8 and our Fig. 3. We believe that the roughened appearance 
of the nodules in Figs. 9, 10, and 11 is the result of removal of a ferritic constituent 
from the nodules by the etching reagent. 


* Research Division, New Jersey Zine Co. 
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